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Abstract
CAR-T immunotherapies present a novel therapeutic modality for the treatment of

various blood tumours. However, the development of such immunotherapies requires

the manufacture of large numbers of CAR-T cells (2-6 x 108 total viable CAR-T cells

per dose), which remains a major translational and commercial bottleneck due to the

manual, small-scale, and often static culture systems used for their production. Such

systems are easy to use in a pre-clinical research settings, but are not efficient when a

higher number of doses need to be produced. Furthermore, there is a general concern

that primary T-cells are shear sensitive and do not grow in agitated systems, such as

stirred-tank bioreactors.

This doctoral thesis aims to demonstrate that primary human T-cells and CAR-T

cells can be cultivated in stirred-tank bioreactors at different scales (15 ml, 250 ml, and

1 L), which can be used for both autologous and allogeneic products. Furthermore,

data in this thesis shows that the growth of T-cells and transduced CAR-T cells was

significantly better in stirred-tank bioreactors than in T-flask static culture. At agitation

speeds of 200 rpm and greater (up to 500 rpm) in the ambr® 250 stirred-tank bioreactor,

the CAR-T cells were able to proliferate effectively, reaching viable cell densities of >

5 × 106 cells ml-1 over 7 days. This is comparable with current expansion systems and

significantly better than static expansion platforms (T-flasks and gas-permeable culture

bags). Importantly, the cell quality and potency was assessed at the end of the expansion



and was equivalent to the one presented by the cells grown under static conditions as

control. It was demonstrated that higher agitation rates, corresponding to higher power

inputs lead to a better proliferation. This improvement is likely due to the inability

at the lower agitation rates to effectively suspend the Dynabeads® used to activate T-

cells. Importantly, from the data obtained, there is no indication that T-cells prefer

being grown under static conditions or are sensitive to fluid dynamic stresses within a

stirred-tank bioreactor system at the agitation speeds investigated.



Impact statement
In recent years multiple CAR-T therapies have been approved and reached the mar-

ket. Although they have proven great curing potential for blood tumours, the manufac-

turing process for CAR-T therapies has not reached its optimal in terms of efficiency,

which is reflected in the high cost (∼ £300,000) per single dose. Many of the expan-

sion platforms used to manufacture CAR-T products have the potential to be scaled-out,

but do not offer the possibility to scale-up the process. This doctoral thesis aims to

demonstrate that expanding CAR-T cells in stirred-tank bioreactors is feasible and ad-

vantageous compared to static vessels processes. The focus of the thesis is to develop

a robust and scalable expansion process for CAR-T therapies in stirred-tank bioreac-

tors. In order to do so, an ambr® 250 stirred-tank bioreactor was used, together with

an ambr® 15 high-throughput stirred-tank bioreactor and a 1 L UniVessel® stirred-tank

bioreactor.

Stirred-tank bioreactors provide a better mass-transfer and allow for online monitor-

ing of culture parameters, such as pH and dO2, compared to static platforms (T-flasks,

gas-permeable bags, and G-Rex vessels). When compared with rocking-motion biore-

actors or the CliniMACS Prodigy® systems, stirred-tank bioreactors are easier to scale-

up and there is a great choice of suppliers, making it possible to choose from different

geometries and scales, but also lowering the risk of chain of supply disruption.

Proving that results obtained at small scale can be replicated at 1 L volumes, makes



the ambr® 15 a powerful tool for process development and shortening the time for CAR-

T therapies to reach the clinical trials and commercialisation. The ambr® 15 system

allows up to 48 bioreactors to be operated in parallel, and is an excellent high-throughput

model for the initial screening of critical culture conditions and parameters.

The expansion process was successfully scaled-up from 15 ml to 250 ml and 1 L

stirred-tank bioreactors based on the power per unit volume comparison. This shows

that stirred-tank bioreactors can be used to produce allogeneic CAR-T therapies, where

starting from healthy donor materials, multiple doses can be produced at once in a larger

volume. This will revolutionise the manufacturing of CAR-T cell products allowing

to use a single system rather than multiple systems in parallel (scale-out approach),

reducing the space needed in expensive clean rooms and making the process more cost

efficient.

Unfortunately the ambr® systems are not GMP compliant, however they are still a

powerful tool to be used to fast-forward the process development stage of cell and gene

therapies.

This study is the first demonstration of primary T-cell and CAR-T cell ex vivo man-

ufacture activated by Dynabeads® in stirred-tank bioreactors, and the findings have the

potential to be applied to multiple other cell candidates for advanced therapy applica-

tions.
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Chapter 1

Introduction

1.1 Cell and gene therapies

Novel cell and gene therapies (CGTs) have generated significant commercial interest

due to their demonstrated long-term clinical efficacy. These new therapies bring new

hope to patients with previously incurable diseases and will likely revolutionise the

conventional pharmaceutical industry (Panagopoulou et al., 2019). Despite their huge

potential and proven therapeutic success, CGTs are overly expensive due to their inef-

ficient manufacturing process and lack of suitable manufacturing tools (Costariol et al.,

2020; Xiuyan Wang et al., 2016).

The growing interest in CGTs is reflected by the multiple products gaining Food and

Drug Administration (FDA) and European Medicines Agency (EMA) approval, in the
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United States of America (USA) and Europe respectively, in the past few years (Table

1.1). CGTs cover a wide range of different therapies; for the purposes of this thesis

the following definitions, adapted from the European Society of Gene and Cell Therapy

(ESGCT), will be used:

• Gene therapy -“Introduction of exogenous genes into cells with the goal of cur-

ing or improving a disease condition.” (ESCGT, 2016). This involves the use

of engineered biological vectors that can be viral or non-viral, to deliver genetic

material. (ESCGT, 2016; Verma et al., 2000; Mulligan, 1993)

• Cell therapy - “The use of cells in regenerative medicine to replace defective,

damaged, or missing tissue” (ESCGT, 2016). The cells are not genetically altered.

(Golchin et al., 2019)

• Gene modified cell therapy - “The use of genetically altered cells that are taken

either from the patient themselves or a donor to treat diseases” (ESCGT, 2016).

Furthermore, CGTs can take place inside or outside the body. If the modifications occur

inside the patient’s body they are referred to as in vivo therapies, while the ones that

take place outside the body are referred to as ex vivo therapies.
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Table 1.1: FDA approved cell and gene therapies in chronological order. Data retrieved from
Food and Drug Administration, 2019. HPC = Hematopoietical Progenitor Cells; ALL = acute
lymphoblastic leukemia; SMA = spinal muscular atrophy.

Trade Name &
Manufacturer

Proper Name Indication Year of
Approval

CGT
Type

PROVENGE®

Dendreon
Corporation

Sipuleucel-T Metastatic prostate
cancer

2010 FDA
2013 EMA

Cell
therapy

HEMACORD®

New York Blood
Center

HPC, Cord
Blood

Disorders affecting
the hematopoietic

system

2011 FDA Cell
therapy

LAVIV®

Fibrocell
Technologies

Azificel-T Nasolabial fold
wrinkles in adults

2011 FDA Cell
therapy

DUCORD®

Duke University
School of Medicine

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2012 FDA Cell
therapy

GINTUIT®

Organogenesis
Incorporated

Allogeneic
cultured

keratinocytes
and fibroblasts

in bovine
collagen

Topical application
to a surgically

created vascular
wound bed in the

treatment of
mucogingival

conditions in adults

2012 FDA Cell
therapy

None
Clinimmune Labs,

University of
Colorado Blood

Bank

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2012 FDA Cell
therapy

ALLOCORD®

SSM Cardinal
Glennon

Children’s Medical
Center

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2013 FDA Cell
therapy

None
LifeSouth

Community Blood
Centers, Inc.

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2013 FDA Cell
therapy
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Trade Name &
Manufacturer

Proper Name Indication Year of
Approval

CGT
Type

IMLYGIC®

Amgen Inc.
Talimogene

laherparepvec
Local treatment of

cutaneous,
subcutaneous and
nodal lesions in

patients with
melanoma

2015 FDA
2015 EMA

In vivo
gene

therapy

CLEVECORD®

Cleveland Cord
Blood

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2016 FDA Cell
therapy

None
Bloodworks

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2016 FDA Cell
therapy

KYMRIAH®

Novartis
Pharmaceutical

Corporation

Tisagenlecleucel Patients up to 25
years of age with
ALL and adults
with relapsed or
refractory B-cell

lymphoma

2017 FDA
2018 EMA

Gene
modified

cell
therapy

LUXTURNA®

Spark Therapeutics
Voretigene

neparvovec-
rzyl

Biallelic RPE65
mutation-

associated retinal
distrophy

2017 FDA
2018 EMA

In vivo
gene

therapy

YESCARTA®

Kite Pharma
Incorporated

Axicabtagene
Ciloleucel

Adults with
relapsed refractory
B-cell lymphoma

2017 FDA
2018 EMA

Gene
modified

cell
therapy

None
MD Anderson

Cord Blood Bank

HPC, Cord
blood

Disorders affecting
the hematopoietic

system

2018 FDA Cell
therapy

MACI®

Vernicel
Corporation

Autologous
cultured

chondrocytes
on a porcine

collagen
membrane

Repair of cartilage
defects of the knee

in adults

2019 FDA
2013 EMA

Cell
therapy

ZOLGENSMA®

AveXis, Inc.
Onasemnogene
abeparvovec-

xioi

Treatment of SMA
in pediatric

patients less than 2
years of age

2019 FDA
2020 EMA

In vivo
gene

therapy
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The data from the first clinical trial on humans were reported by Rosenberg et al.

(1990), using gene modified autologous tumor-infilitrating lymphocites (TILs) trans-

duced with a retroviral vector on 5 patients with advanced melanoma.

Despite numerous successes, these therapies did not come without adverse events

and safety concerns. Jesse Gelsinger was the first patient who died in a Phase I gene

therapy clinical trial in 1999. His death was directly attributed to the inflammatory

reaction to the adenoviral vector used in the studies to treat ornithine transcarbamylase

(OTB) deficiency (Somia et al., 2000). Shortly thereafter, in 2002, a leukemia-like

illness was developed in a subject enrolled in a clinical trial due to retroviral insertional

mutagenesis and the patient required chemotherapy treatment (Hacein-Bey-Abina et al.,

2003).

Despite these setbacks the field of CGTs has significantly improved and evolved. A

better understanding of the safety implications, and more advanced technologies have

helped to make these therapies safer and more effective. CGTs are being used to treat

different monogenic disorders, vascular diseases, infectious diseases, and cancers (Edel-

stein et al., 2004). Significant investments have been made between 2010 and 2016 in

CGTs by large biopharmaceutical companies (D. M. Smith et al., 2018). This is re-

flected in the growing number of FDA approved CGTs in the last 10 years (Table 1.1).

Amongst the CGTs approved by the FDA (Table 1.1) IMLYGIC® is the first ap-

proved in vivo gene therapy. It uses a weakened form of Herpes Simplex Virus Type
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1 for the treatment of unresectable melanoma in adults. It is a viral therapy that is di-

rectly injected into melanoma tumours, in which the virus targets cancerous cells and

healthy cells, but it is unable to replicate in the latter ones, limiting the side effects.

PROVENGE®, the first FDA approved cell therapy, involves peripheral blood mononu-

clear cells (PBMCs) activated with a recombinant protein ex vivo and re-infused in the

patient. MACI® is another example of cell therapy, where the cells are taken from the

patient, expanded ex vivo and returned to the patient to repair or restore damaged car-

tilage in the knee. The cell therapy definition comprehends also all the therapies that

utilise hematopoietical progenitor cells. Chimeric antigen receptor (CAR)-T cell thera-

pies fall into the gene modified cell therapies, where the cells are genetically modified ex

vivo and re-infused into the patient. Two examples of such therapies are KYMRIAH®

and YESCARTA® used to treat refractory or relapsed haematological malignancies. It

can be noted that these two CAR-T therapies have been approved within 6 months one

from another. This indicates the need for new therapies to treat haematological malig-

nancies and the willingness of the regulatory bodies to accelerate the development and

commercial production of such treatments, still guaranteeing the safety of the product.

Although two CAR-T cells therapies have been approved by the FDA and EMA in

2017 and 2018 respectively, they are prohibitively expensive to manufacture (Vormittag

et al., 2018). This is mainly due to the fact that these products are manufactured in

universities or small laboratories during the early stages of development, while to have a
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reduced cost the manufacturing process needs to be efficiently translated to commercial

scale (Xiuyan Wang et al., 2016; Tyagarajan et al., 2019). Scalable manufacturing

technologies are needed to engineer and expand the cells in order to have a reduction

in the cost of these therapies. Although the field is still far away from an automated,

fully closed manufacturing process, CAR-T therapies have shown promising results for

a variety of cancers with long term clinical success in the haematological malignancies

sector (Tyagarajan et al., 2019; Brudno et al., 2019).

1.2 Haematological malignancies and current therapies

There are four main types of haematological malignancies all originating from cells

in the bone marrow or in the lymphatic system: leukemia, myeloma, Hodgkin’s and

non-Hodgkin’s lymphomas. Some of these malignancies were first described in the

19th century, but no cure was available (Lichtman, 2008). Data about the incidence of

different haematological malignancies are shown in Table 1.2.
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Table 1.2: Haematological malignancies incidence, male to female ratio, median age at di-
agnosis and 5-year relative survival. Leukemia was further divided into acute lymphocytic
leukemia (ALL), chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and
chronic myeloid leukemia (CML). Non-Hodgkin lymphoma sub-category includes Marginal
zone lymphoma, follicular lymphoma, Burkitt lymphoma, Mantle cell lymphoma, diffuse large
B-cell lymphoma (DLBCL), and T-cell lymphoma. Data retrieved from Epidemiology and Can-
cer Statistics Group, 2019.

Haematological
Malignancy

% of total
haematologi-

cal
malignancies

Male to
Female

rate ratio

Median age
at

diagnosis

5-year
relative

survival (%)

Myeloma 10.2 1.4 72.7 47.6
ALL 1.7 1.6 15.8 66.1
CLL 10.6 1.8 71.8 85.9
AML 6.5 1.2 62 43.6
CML 1.6 1.4 59.2 89.2

Marginal zone
lymphoma

6.2 1.2 72.5 80

Follicular
lymphoma

5 0.9 65.2 88.6

Burkitt
lymphoma

0.6 3.4 55.5 57.6

Mantle cell
lymphoma

1.3 2.6 72.9 41.9

DLBCL 12.5 1.2 70 61.1
T-cell lymphoma 1.6 1.5 65.8 49.7

Hodgkin
lymphoma

4 3.4 43.2 90.8

The first palliative treatment for haematological malignancies was introduced in the

early 20th century with the radiation treatment for Hodgkin lymphoma evolving then

in radiotherapy. The development of anticancer drugs started in the second half of the

century with the introduction of alkylating agents, adrenocorticotropic hormone or cor-

tisone acetate, and folic acid. In the last 30-40 years additional agents against haemato-
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logical malignancies have been developed and used (Lichtman, 2008). In current times

most blood cancers are treated with chemotherapy. Chemotherapy can then be followed

by allogeneic hematopoietic stem cell transplantation (HSCT) (Evers et al., 2017). Most

of the therapies combine multiple conventional treatments such as chemotherapy and

HSCT with more innovative molecular targeting drugs. This combination of treatments

has improved the survival rate of patients affected by blood tumours (Shimada, 2019).

However, a definitive treatment has not been yet found.

In the last decades the advent of CGTs, and in particular CAR-T therapy, has given

new hope for patients who failed to react to conventional cancer cures or relapsed (Nirali

N Shah et al., 2019). CAR-T therapies have shown clinical efficacy for haematological

malignancies, with proven long-term patient outcomes and starting to show promising

results in solid tumours treatments (Newick et al., 2017). In order to understand the

enormous potential of CAR-T therapies it is important to have knowledge of the adap-

tive immune system and how it works.

1.3 T-cells

T lymphocytes, commonly referred to as T-cells, are white blood cells actively involved

in the immune system. These cells are known to express the T-cell receptor (TCR) on

their surface (Boehmer, 1990). The human immune system can be divided in innate

and adaptive. The innate immune system is the first one to react to infection, it is
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non-specific and it lacks memory. On the other hand, the adoptive immune system

has a slower response, but it is characterised by specific antigen recognition and long-

lasting immunity (Lanier, 2013). The innate immune system includes soluble factors

and different cellular effectors, such as granulocytes, mast cells, macrophages, dendritic

cells and natural killer (NK) cells. B and T-cells, together with antibodies, are part of

the adaptive immune system (Luster, 2002). NK-T cells and γδ T-cells, which have a

cytolytic activity and rapid secretion of cytokines, function at the intersection of the two

immune systems (Gandhi et al., 2010).

T-cells are a functionally heterogeneous population of cells that express unique het-

erodimeric (αβ or γδ) TCRs (Kisielow et al., 1995). Different lineages of T-cells, i.e.

helper T-cells and killer T-cells, are programmed to respond to different types of anti-

gens. Killer T-cells are the ones that recognise the specific antigens on infected cells

and stimulate them to release molecules lysing the infected target cells. On the other

hand, helper T-cells stimulate T-cells to release growth factors and stimulate the activ-

ity of other cells in the immune system, as antibody production in B-cells. In order to

proliferate in the human body, B and T-cells need an activation signal which is normally

triggered by the interaction with various antigens present on the surface of other cells.

T-cells can be divided into two subsets: CD4+ and CD8+ T-cells. Effector CD4+ cells

enhance CD8+ effector development via secretion of various cytokines (Gattinoni et al.,

2006).

10



After antigen exposure, CD4+ and CD8+ Naı̈ve T-cells undergo clonal expansion

and differentiation into self-renewing stem cell memory T-cells. Stem cell memory T-

cells have shown to be able to differentiate into T central memory, T effector memory

and terminally effector T-cells. (Figure 1.1) (L. Xu et al., 2015).

Figure 1.1: Schematic model of T-cell differentiation from Naı̈ve (TN), to Stem cell memory
(TSCM), to Central memory (TCM), to Effector memory (TEM) to Terminal effector (TTE) T-
cells. The proliferation and self-renewal potential of T-cells decreases in the more differentiate
phenotype, while the effector function increases. CCR7 and CD45RO are two of the markers
used to identify the differentiation stages of T-cells.

Effector T-cells are known to promote the secretion of cytokines and exhibits cy-

tolytic activities and are undergo fast apoptosis once the antigen has been eradicated

from the body. On the other hand, memory like T-cells are long-lasting cells that re-

main in the human body even when the antigen is not present and can undergo a rapid

proliferation upon secondary challenge (Appay et al., 2008).
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1.4 CAR-T cell therapies

CAR-T cell therapies combine the gene therapy and monoclonal antibodies (mAbs)

specificity with the transfer of living cells in a single treatment. T-cells are genetically

modified ex-vivo to express a CAR (e.g. anti-CD19 CAR) before being infused into

the patient. Once equipped with the CAR, T-cells are able to recognise and kill the

malignant cells against which the CAR was designed in the patient body (Braendstrup

et al., 2020). A milestone was reached in 2017 with the FDA and EMA approval of the

first two CAR-T therapies (KYMRIAH® (tisagenlecleucel) and YESCARTA® (axicab-

tagene ciloleucel)) for the treatment of ALL and B-cell lymphoma. These treatments

are currently used for relapsed and refractory malignancies when more conventional

treatments (i.e. radiotherapy and chemotherapy) fail (Khalil et al., 2015).

1.4.1 Chimeric antigen receptor

CARs are recombinant receptors that have the ability to target specific antigens (Sade-

lain et al., 2013). At the time of writing there are four generations of CARs (Figure

1.2).
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Figure 1.2: Structure of chimeric antigen receptors (CARs). First generation CARs only contain
the CD3-ζ endodomain; second generation CARs contain one constimulatory domain (i.e. CD28
or 4-1BB); third generation CARs contain two costimulatory domains (e.g. CD28 and 4-1BB).

The first generation of CARs was the simplest, consisting of an extracellular antigen-

binding domain (usually a single-chain variable fragment (scFv) of an antibody), which

gives specificty to the CAR-T cells, and a CD3-ζ (T-cell activating domain) transmem-

brane domain (Sadelain et al., 2009). The T-cells equipped with the first generation

CARs were not able to produce enough interleukin-2 (IL-2), which was administered

separately and showed limited persistence in vivo (M. A. Pule et al., 2008; C. Zhang

et al., 2017).
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The costimulatory endodomain (e.g. CD28 or 4-1BB) was introduced in second

generation CAR constructs, which have a positive effect on the proliferation, cytotoxi-

city and persistence of CAR-T cells in-vivo (Majzner et al., 2019). Second generation

CARs are used in the KYMRIAH® and YESCARTA® products, using CD28 and 4-1BB

as an endodomain respectively (Salmikangas et al., 2018).

Third generation CARs have been developed and they present two costimulatory

domains (i.e. CD28-OX40 or CD28-4-1BB) linked to the CD3-ζ (C. Zhang et al., 2017).

These CARs are believed to improve the cytokine production and therefore the potency

and killing ability of CAR-T cells and they are currently being used in clinical trials

(Marin et al., 2010; Enblad et al., 2018; ClinicalTrials.gov, 2020).

A fourth generation CAR, also called TRUCK, has been recently developed. In this

last generation CAR, there is an additional cytokine expression cassette. The production

of cytokines starts upon ligation of the CAR and can enhance the anti-tumour response

of the CAR-T therapy (Cheadle et al., 2014).

1.4.2 The commercial side of CAR-T therapies

CAR-T therapy has revolutionised the field of cancer therapies, however its application

is mostly limited to blood tumours in patient with relapsed or refractory malignancies.

The approval of KYMRIAH® and YESCARTA® has been a significant landmark in

the CGT field, but these therapies can be used on less than 5% of all cancer patients
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(Sarah Nam, 2019). McKinsey & Company have estimated the global market revenues

in CAR-T to reach ∼ $10.4 billion by 2024.

The first non-clinical data for KYMRIAH® were published in 2008 followed by

YESCARTA® non-clinical data a year later. Both therapies gained FDA approval af-

ter 8-9 years from the first published data (Elsallab et al., 2020). This highlights the

long procedure from pre-clinical development to clinical trials and later commercial ap-

proval. Since then many CAR-T companies have emerged bringing the number of exist-

ing companies developing CAR-T therapies above 100 worldwide with North America

being the leader on the CAR-T market.

Juno Therapeutics was in the contention for the CAR-T therapeutic market together

with Novartis and Gilead, however the death of 3 patients during its ROCKET clinical

trial, led to a hold imposed by the FDA. Their CAR-T product JCAR015 for refractory

and relapsed ALL caused severe cerebral edema and consequent death in 3 patients in

2016 (DeFrancesco, 2016). Juno Therapeutics suggested the combination of fludara

(preconditioning drug) with the CD28 co-stimulatory domain present on the CAR con-

struct and convinced the FDA to resume the trial after only 5 days with a modified

protocol. They also leveraged their argument with the data on JCAR014 product where

no adverse event was seen on the 10 patients in phase I clinical trial. However, JCAR014

had a different co-stimulatory domain (4-1BB). Once the trial was resumed without the

use of fludara, 2 additional patients out of the 12 treated died, due to cerebral edema.
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The ROCKET trial was put on hold again and in March 2017 Juno Therapeutics an-

nounced that the development of JCAR015 would be completely discontinued (Gilbert,

2017). Novartis and Gilead are therefore the only two companies with approved CAR-T

products on the market.

Although the cause of death in the ROCKET trials remains unclear, Juno Thera-

peutics have analysed the situation carefully trying to learn from previous mistakes. It

was underlined how in the deceased patients the CAR-T proliferation reached a peak

after 6-8 days, while in other therapies this peak would occur after 11-14 days. Due

to the variability of the initial material, the CD4:CD8 ratio was not the same amongst

the administered therapies. It was noticed that patients who received the treatment with

a higher CD4:CD8 ratio were more prone to severe neurotoxicities. Furthermore, el-

evated level of interleukin-15 (IL-15) have been noticed in the cases of death prior to

the CAR-T infusions. All the patients who passed were less than 30 years of age and

they underwent 2, or less than 2 previous treatments. Juno hypothesised that their im-

mune system was more hostile to the therapy and the neurotoxicity become fatal due to

the rapid expansion of the CAR-T cells (Pharmaceutical Technologies, 2017; Gilbert,

2017).

Juno Therapeutics is currently recruiting patients for a phase I clinical trial with a

new CAR-T product (JCAR017) to target Non-Hodgkin lymphoma (Table 1.3). This

product is manufactured with a fixed ratio of CD4:CD8 cells and the co-stimulatory
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domain used is 4-1BB rather than the CD28 used for JCAR015. This should lead to a

slower expansion of the cells after infusion and limit the adverse events (Abramson et

al., 2018; Gilbert, 2017). Juno Therapeutics was acquired by Celgene in January 2018

for $9 billions.

There are many relatively new companies emerging on the CAR-T market with dif-

ferent products undergoing clinical trials as summarised in Table 1.3. Amongst them

Autolus Therapeutics was founded in 2014 in UK as a spin-off from University College

London. It has been since growing and developing different CAR-T products, some of

which are undergoing phase I/II clinical trials at the moment for acute lymphoblastic

leukemia, Non-Hodgkin lymphoma, and diffuse large B-cell leukemia (Table 1.3). In

2017 the company secured $80 million in Series C funding.

Recently, different companies have started to look into allogeneic therapies. Some

of them are Allogene Therapeutics, Atara Biotherapeutics, Cell Medica, Cellectis, Tim-

mune Botech Inc. Other companies have introduced products for solid tumours in their

pipeline (i.e. Takeda, Cellectis, Allogene Therapeutics, and Tmunity).

The biggest challenges faced by CAR-T therapies are the overly expensive (listed

price for KYMRIAH® is £282,000) and complicated manufacturing and supply chain,

high-touch commercial model, and reimbursement challenges. Most of the CAR-T ther-

apies on the market and undergoing final stage clinical trials are autologous (Depil et

al., 2020). The manufacturing of these therapies is centralised, uses clean rooms and it
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is far from the environment in manufacturing plants for large scale production. These

challenges have set the high cost of CAR-T therapies and need to be tackled in order

to make them broadly available and less expensive. Furthermore, the level of train-

ing needed at the centres where these therapies are administered is also significant, with

standard operating procedures that may vary from one center to the other (Xiuyan Wang

et al., 2016; L. Taylor et al., 2019). The reimbursement of these therapies is also uncer-

tain. Medicare & Medicaid Services are yet uncertain and their reimbursement polices

are not clear (C. Jacobson et al., 2019). After reaching a deal with Novartis and Kite-

Gilead in September and October 2108 respectively, the National Health Service (NHS)

has authorised 9 hospitals for the administration of CAR-T therapies for ALL and 7

hospitals for the administration of DLBCL in the UK.

CAR-T therapies need large investments to fill existing gaps and overcome current

barriers. Solid tumors are the next frontier for CAR-T therapies (Xiuyan Wang et al.,

2016). The need for strong academic-clinical partnership is needed to progress in this

field. We have already seen the partnership between University of Pennsylvania and

Novartis in 2012, which led to the FDA approved therapy KYMRIAH® in 2017. In 2013

Celgene and Bluebird Bio announced a collaboration on gene therapy in oncology, with

the main focus being CAR-T therapies. This was followed, in 2014, by the collaboration

between Pfizer and Cellectis to develop novel CAR-T technologies. Pfizer gained the

access to the allogeneic approach from Cellectis, who received an upfront payment of
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$80 million. In January 2015, Amgen and Kite stipulated a collaboration agreement that

combines Amgen’s oncology targets and Kite’s CAR-T platform to advance in the field

(Walker et al., 2016).

Table 1.3: Products undergoing clinical trials from different CAR-T companies. NHL = Non
Hodgkin Lymphoma; ALL = Acute Lymphocytic Leukemia; AML = Acute Myeloid Leukemia;
NSCLC = Non Small-Cell Lung Carcinoma; DLBCL = Diffuse Large B-cell Leukemia; MM =
Multiple Myeloma; PSMA = Prostate-Specific Membrane Antigen; GPC2 = Glypican 2; DLL3
= Delta-like Protein 3.

Company Product
Name

Disease Clinical
Trial Phase

Target

Juno
Therapeutics

JCAR017 NHL Phase I CD19

Juno
Therapeutics

JCAR014 NHL Phase I CD19

Juno
Therapeutics

JCAR018 NHL Phase I CD22

Juno
Therapeutics

JCAR018 Pediatric ALL Phase I CD22

Juno
Therapeutics

JCAR016 AML Phase I/II WT1

Juno
Therapeutics

JCAR016 NSCLC,
Neuroblastoma

Phase I WT1

Juno
Therapeutics

JCAR023 Pediatric
Neuroblastoma

Phase I CD171

Juno
Therapeutics

JCAR020 Ovarian Cancer Phase I MUC16ecto

Juno
Therapeutics

JCAR024 NSCLC, Triple
Negative Breast

Cancer

Phase I ROR1

Autolus
Therapeutics

AUTO1 ALL Phase I CD19

Autolus
Therapeutics

AUTO3 R/R Pediatric
ALL

Phase I/II CD19 &
CD22

Autolus
Therapeutics

AUTO3 DLBCL Phase I/II CD19 &
CD22

Autolus
Therapeutics

AUTO4 NHL Phase I/II TRBC1
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Company Product
Name

Disease Clinical
Trial Phase

Target

Allogene
Therapeutics

UCART19 ALL Phase I CD19

Allogene
Therapeutics

ALLO-501 NHL Phase I CD19

Allogene
Therapeutics

ALLO-715 MM Phase I BCMA

Cell Medica CMD-501 Neuroblastoma Phase I GD2
Cell Medica CMD-502 Haematological

Malignancies
Phase I CD19

Timmune
Biotech

TI-1007
CAR-T

Haematological
Malignancies

Entering
Phase I

CD19

Tmunity PSMA
CAR-T

Metastatic
Castrate-
Resistant

Prostate Cancer

Phase I PSMA

Tmunity TnMUC1 Advanced
TnMUC1

Positive Solid
Tumours

Phase I TnMUC1

Tmunity GPC2 CAR-T Neuroblastoma,
neuroendocrine

Phase I GPC2

Novartis Kymriah Lymphoma
(new

indication)

Phase I CD19

Celgene ide-cel R/R Multiple
Myeloma

Phase II/III BCMA

Celgene orva-cel R/R Multiple
Myeloma

Phase I BCMA

Celgene bb21217 R/R Multiple
Myeloma

Phase I BCMA

Celgene liso-cel R/R DLBCL Phase II CD19
Amgen AMG 119 Small-Cell

Lung Cancer
Phase I DLL3
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Despite the significant progress in the CAR-T field, there is no real standardisation in

the process used to manufacture CAR-T therapies. The initial number of cells varies due

to the leukapheresis collection and intrinsic variability of the starting material. There

are no established guidelines on the number of the target cells required. Furthermore,

different therapies are manufactured using different raw materials and different systems,

which are not directly comparable. Often the manufacturing process is not disclosed by

the producer, making it impossible to have a standardised process that would allow for

a less variable final product (Vormittag et al., 2018).

The manufacturing process needs to be modified, automated, and cell production

should be either scaled-up or out. A decentralised manufacturing model (scale-out)

could also reduce the manufacturing cost, cutting on the logistics, and reducing the

vein-to-vein time of the product. However, this would require the use of GMP-in-a-box

solutions that are currently not available for such therapies (Xiuyan Wang et al., 2016;

Vormittag et al., 2018). The onset of allogeneic therapies could also provide significant

advantages. The manufacturing process could be scaled-up reducing the cost of goods,

allogeneic therapies would imply a reduced product variability, and shorten the waiting

time for drug administration, being an off-the-shelf therapy (Sarah Nam, 2019). Even

after the manufacturing has been improved, the cost for autologous CAR-T cells will

likely be in the $25-35,000 range per treatment, which will be significantly increased

(∼ $300,000) if pre-treatments are considered (Walker et al., 2016).
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1.4.3 Therapeutic potential and limitations of CAR-T therapies

The manufacturing process of CAR-T cells therapies starts with T-cell collection from

the patient or donor via leukapheresis. The cells are then genetically modified to express

a CAR receptor, which recognises a specific antigen expressed on the surface of the

malignant cells the therapy wants to target. The first step for an efficacious treatment

requires to identify an appropriate target for the CAR, which would ideally be expressed

only on the malignant cells and not by healthy tissues. Furthermore, the chosen target

must be essential for the tumour survival in order for the therapy to be efficacious (Filley

et al., 2018).

YESCARTA® and KYMRIAH® both target CD19 malignancies with a second-

generation CAR. CD19 is a marker expressed also by healthy B-cells, however no other

healthy tissue expresses it. The depletion of healthy B-cells during the therapy does not

lead to a therapy-limiting toxicity (Porter et al., 2011). CD19 CAR-T therapies showed

a response rate of 80% in patients with ALL and a durable clinical benefit in patients

with CLL and Non-Hodgkin lymphoma (Davila et al., 2014; Kochenderfer et al., 2012;

Geyer et al., 2016; Gardner et al., 2017). Furthermore, positive outcomes have been

shown in phase I clinical trials for multiple myeloma targeting B-cell maturation anti-

gen (BCMA) (Raje et al., 2019).

For a successful treatment, CAR-T cells must expand and persist in the patient.

Prior to CAR-T cell infusion, patients need to undergo lympho-depleting chemotherapy,
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which has proven to enhance efficacy of the therapy (Brentjens et al., 2011; Cruz et al.,

2013). The majority of clinical studies up to date have administered a pre-determined

number of CAR-T cells per dose, however no limitations were imposed on the im-

munophenotype of T-cells (Brentjens et al., 2013; D. W. Lee et al., 2015; Brentjens

et al., 2011). CD4+ and CD8+ T-cell subsets are known to have different roles. CD8+

CAR-T cells have direct lytic activity, thier memory sub-populations have been shown to

have a greater anti-tumour potency compared to more differentiated phenotypic profiles

(i.e. effector T-cells). On the other hand, CD4+ CAR-T cells are capable of producing

greater amount of interferon (INF)-γ, tumour necrosis factor (TNF)-α, and interleukin

(IL)-2, which help the cytotoxic activity of CD8+ CAR-T cells (Geyer et al., 2016).

Studies in patients with B-ALL (Phase I/II clinical trial) and B-NHL have shown ben-

efit when infused with 1:1 CD4+:CD8+ CAR-T cell ratio, suggesting a better defined

product could decrease the number of cells per dose needed and lead to improved re-

sults (Sommermeyer et al., 2016; Turtle et al., 2016; Turtle et al., 2015).

Although the recent FDA approval of two CAR-T therapies and numerous ongo-

ing clinical trials, there are still limitations and side effects to be solved. Poor CAR-T

cell expansion in vivo has been partially addressed with second and third generation

CARs adding different costimulatory domains. One of the main causes for relapse in

B-cell malignancies is due to the so called antigen escape, where there is a loss of CD19

receptor on previously CD19 positive B-cells (Geyer et al., 2016). Cytokine release
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syndrome (CRS) and neurotoxicity also occur in a high number of treated patients and

could be life-threatening (Turtle et al., 2016; Jae Hong Park et al., 2016; Turtle et al.,

2017; Neelapu et al., 2017; Schuster et al., 2017). CRS is caused by the release of

inflammatory cytokines after the infusion of CAR-T cells associated with cell prolifera-

tion and activation, while the causes for neurotoxicity are less clear (Brudno et al., 2019;

Maude et al., 2014). CRS is the most common severe toxicity and results in high fevers,

sinus tachycardia, hypotension, vascular leak, hypoxia, cardiac and renal insufficiency

(Maude et al., 2014; D. W. Lee et al., 2015). A greater incidence of CRS has been

observed in patients with higher CAR-T cell dose and in patients with higher disease

burden (Jae Hong Park et al., 2016; N. V. Frey et al., 2016; Neelapu et al., 2018). Not all

of the tumour defense mechanisms have been fully understood and, although CRS and

neurotoxicity have been related to the administered dose of CAR-T cells, more studies

need to be carried out in order to fully understand and overcome these limits.

1.4.3.1 CAR-T therapies for solid tumours

CAR-T cell products have been used in a number of clinical trials against glioblastoma,

gastrointestinal cancers, genitourinary cancers, breast cancer, and lung cancer (Q. Zhang

et al., 2016; Newick et al., 2017). The identification of an appropriate target is not easy

due to the lack of uniformly expressed antigens in solid tumours or the presence of the

same antigen on healthy tissues. Some target antigens (i.e. carcinoembryonic antigen

(CEA), human epidermal growth factor receptor 2 (HER2), epidermal growth factor
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receptor (EGFR), mesethelin, and prostate specific membrane antigen (PSMA)) used in

clinical trials are still present in low levels on healthy tissues (Bagley et al., 2020). On-

target off-tumour toxicity has been one of the main challenges in solid tumours and it

can be life threatening for the patient (Morgan et al., 2010; Richman et al., 2018; Bagley

et al., 2020). Multiple solutions have been tried to overcome this limit, (1) two CARs

expressed on the same T-cells in order to activate the T-cells only in presence of two

antigens, (2) using CARs which can be activated only by an exogenously administered

stimuli, and (3) CARs which keep the T-cells in an ‘off-state’ until the cells reach the

tumour site (Kakarla et al., 2014; Bagley et al., 2020). A further challenge is posed by

the fact that CARs can only target surface antigens while only 1% of all the proteins

is expressed on the cell surface. This significantly reduces the available target antigens

(Walseng et al., 2017).

The success of solid tumour therapies depends on CAR-T cells migrating to the

tumour site, which is usually not found on routine T-cell migration routes (peripheral

blood, lymph nodes, and bone marrow) (Filley et al., 2018). Direct injections of CAR-T

cells to the tumour site could overcome this issue and are currently being assessed for

ovarian cancer in a clinical trial (Bagley et al., 2020).

Finally, after successful trafficking to the tumour site, CAR-T cells must undergo

rapid expansion and persist in patients despite the hostile solid tumours micro-environment

(TME) (Martinez et al., 2019; Hanahan et al., 2012; Oliver et al., 2018). Tumours are
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known to express checkpoint ligands (i.e. programmed death protein 1 (PD-1), PD-L1,

T-cell immunoglobulin and mucin-domain containing-3 (TIM3), and lymphocyte acti-

vation gene 3 (LAG3)) which suppress the function of immune cells. CARs to enhance

the survival of CAR-T cells in hypoxic TME have been designed (Ligtenberg et al.,

2016; Juillerat et al., 2017).

Progress has been made in the past years for solid tumours, and more and more

products are entering clinical trials (Hou et al., 2019). However, CAR-T therapies for

solid tumours have not shown the same efficacy as the one developed for liquid tumours

mainly due to the limits listed above (i.e. finding an appropriate target, trafficking to

the tumour site, expansion, and persistence). Further studies and better understanding

of the mechanism of action need to be undertaken in order to reach a turning point in

this field.

1.4.4 Autologous vs. allogeneic CAR-T

KYMRIAH® and YESCARTA® both use patient-derived autologous second genera-

tion CAR-T cells. These therapies require a tailored process for each patient’s starting

material, which can substantially differ form one another having a negative impact on

the cost of manufacturing. Furthermore, due to the length of the current production

of each therapy (approximately 3 weeks), the delay in the availability of the process

might become a life-threatening issue for patients with acute malignancies (Depil et al.,
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2020). Autologous derived CAR-T cells efficacy in vivo can also be impaired due to

tumour suppression mechanisms making the treatment unsuccessful (Thommen et al.,

2018). Furthermore, in some cases, the activation, transduction, and expansion of au-

tologous CAR-T cells might be sub-optimal and the cell number for a single dose can

not be reached. In this cases the final product can not be administered to the patient

(Salmikangas et al., 2018).

These are the main reasons behind the increasing number of allogeneic off-the-shelf

CAR-T products in companies pipelines. An increased number of allogeneic CAR-T

treatments are entering clinical trials and generating early results (Table 1.4).

The advantages of having off-the-shelf products are multiple. CAR-T cell products

starting from healthy donor material could potentially bring down the cost for these

therapies as the current manufacturing process can be scaled-up. Several doses can

be produced from a single donor and a careful donor selection would also allow for

a standardisation of the manufacturing process and of the final product, limiting the

heterogeneity brought in by patient material. Furthermore, allogeneic therapies would

make CAR-T immediately available for patients, and because of the larger production,

re-dosing would become possible for patients that need it. An allogeneic approach

would also allow for the administration of CAR-T cells engineered against different

antigens (Depil et al., 2020).

27



Table 1.4: Ongoing clinical trials for allogeneic CAR-T therapies. KO = knock out; MHC =
major histocompatibility complex; PD-1 = programmed death protein 1; TALEN = transcription
activator like effector nuclease; TRAC = T-cell receptor-α chain. Table adapted from Depil et al.,
2020.

Developer & Name of the
Product

Target
Antigen

Allogeneic
Technology

Tools for
Genetic

Modification
Allogene Therapeutics &

Servier
UCART19

CD19 TRAC KO with
or without CD25

KO

TALEN mRNA
(KO)

Cellectis
UCART-123

CD123 TRAC KO TALEN mRNA
(KO)

Celyad
CYAD-101

NKG2D TRAC-inhibitory
molecule peptide

Retroviral vector

Chinese People’s Liberation
Army General Hospital

UCART019

CD19 TRAC and B2M
KO

CRISPR/Cas9
(KO)

Chinese People’s Liberation
Army General Hospital
Mesothelin CAR T cells

Mesothelin TRAC and PD1
KO

CRISPR/Cas9
(KO)

Chinese People’s Liberation
Army General Hospital

Universal dual-specificity
CD19 and CD20 or CD19

and CD22 CAR T cells

CD19 and
CD22 or

CD19 and
CD20

TRAC KO CRISPR/Cas9
(KO)

Precision Biosciences &
Servier

PBCAR-0191

CD19 TRAC KO; CAR
at the TRAC

locus

Meganuclease
mRNA (KO);

AAV6
Shanghai Bioray Laboratory

CD19 UCART
CD19 TRAC and MHC

class I KO
CRISPR/Cas9

However, allogeneic CAR-T therapies also face two major issues. First, allogeneic

CAR-T cells can cause graft-versus-host disease (GVHD), putting the patient’s life at

danger (Y. Yang et al., 2015). The second issue that needs to be addressed is the persis-

tence of allogeneic CAR-T cells in the patient body after infusion. It has been shown
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that the host immune system can eliminate the injected cells in a short amount of time,

limiting their anti-tumour activity (Anwer et al., 2017).

1.4.4.1 Graft-versus-host disease (GVHD)

GVHD occurs when there is a mismatch between donor and patient major histocom-

patibility complex (MHC) molecules, also called human leukocyte antigen (HLA) in

humans. The foreign MHC is recognised by the TCR expressed on patient’s αβ T-cells

and is the main cause for GVHD and transplant rejection (Ren et al., 2017). In order to

prevent the GVHD post allogeneic CAR-T cell infusion different approaches have been

implemented: deletion of the TCR using gene editing methods, use of T-cells that do

not express the TCR (i.e. γδ T-cells), and the use of virus-specific T-cells (Depil et al.,

2020). Furthermore, different cell types such as NK cells therapies have been developed

for cancer therapy. Allogeneic CAR-NK cells do not cause GVHD (Lim et al., 2015).

The predominant solution adopted in most clinical trials (Table 1.4) is the gene edit-

ing to prevent the expression of the TCR on αβ T-cells. Due to the conformation of

the α and β chains, the first one is easier to target and disrupting the gene encoding

for the TCRα chain (TRAC) is a widely used method to disrupt the TCR and prevent

GVHD (Torikai et al., 2012; Ren et al., 2017). Transcription activator like effector nu-

clease (TALEN) technology has been used to cut specific DNA sequences and create

off-the-shelf CAR-T products (Qasim et al., 2017). A multiplex gene editing approach

has been adopted by various groups simultaneously electroporating TALENs that tar-
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get different genes (i.e. TRAC and CD52) (Poirot et al., 2015). Current studies using

TALEN-mediated gene editing of the TRAC show approximately 80% of the cells lack

the expression of the TCR after genetic modification. The 20% of the T-cells still ex-

pressing the TCR need to be magnetically removed in order to minimise the incidence

of GVHD.

Another approach widely used for the production of gene modified off-the-shelf

CAR-T therapies is the CRISPR/Cas9 system (Eyquem et al., 2017; Salas-Mckee et

al., 2019; Stadtmauer et al., 2020). It relies on RNA-DNA base pairing, where a single

guide RNA (sgRNA) is appositely designed to pair to the target DNA and cleave it (Mali

et al., 2013).

1.4.4.2 Allogeneic CAR-T persistence in vivo

It has been shown that for autologous therapies the remission of the tumour is correlated

with the persistence of CAR-T cells in the patients (Kochenderfer et al., 2012). How-

ever, it is not yet clear what is the optimal persistence and it may differ from disease to

disease, tumour burden, and the potency of the administered cells (Guedan et al., 2018).

Autologous CAR-T therapies have already proven efficacious, while one of the main

limits of allogeneic CAR-T therapies remains the poor persistence shown in the first

clinical trials. However, due to the nature of the therapy, the allogeneic products can be

re-administered to the patients if needed, aiming at maintaining a sufficient number of

CAR-T cells in the patient body (Depil et al., 2020).
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Although it is not yet clear what is the optimal population mix of CAR-T cells,

different studies have shown that T-cells with a less differentiated phenotype (i.e. T-

naı̈ve cells and stem cell-like memory T-cells) are fundamental for in vivo expansion

and long-term persistence in the patient (Berger et al., 2008; Gattinoni et al., 2011; Gat-

tinoni et al., 2005). The cells derived from the patients often have a higher incidence

of more differentiated T-effector memory cells, due to the chemotherapy administered

(Busch et al., 2016). Therefore, using healthy donors might be a significant advantage

considering the fact that donors with a high frequency of less differentiated T-cells types

can be selected. It would then be necessary to control the manufacturing of these allo-

geneic CAR-T therapies in order to retain a less differentiated phenotype in the final

product. The maximum length of the expansion process in order not to compromise the

potency of the therapy due to a too differentiated profile of the CAR-T cells is yet to be

determined (Kaartinen et al., 2017). This will further influence the scale at which these

therapies could be manufactured and the number of batches that can be produced from

the starting material of a single healthy donor.

1.4.4.3 Future perspectives

To sum up, allogeneic therapies could significantly bring down the cost of manufac-

turing for CAR-T cell therapies. The GVHD and persistence of such products need to

be further addressed and definitive solutions to mitigate risk for the patients need to be

found. The fact that an increasing number of companies are looking into the off-the-
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shelf CAR-T products (Table 1.4) indicates the potential of allogeneic therapies, which

could revolutionise the current manufacturing process.

Manufacturing failures due to poor patient starting material would be ruled out as the

starting material coming from healthy individuals can be carefully selected. The product

would be immediately available, avoiding severe consequences for patients with acute

diseases that can lead to death while the autologous therapies are being manufactured.

The manufacturing process for allogeneic therapies would need to be scaled-up rather

than scaled-out and re-dosing would become possible in case of need.

Furthermore, careful picking of the healthy donors will allow to have more control

over the final product composition in terms of T-cell immunophenotype, resulting in a

more standardised treatment.
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1.5 Manufacturing of CAR-T therapies

The manufacturing of CAR-T products requires different steps and may take several

weeks, 22 days in the case of Novartis KYMRIAH® (Tyagarajan et al., 2019). The first

step is to collect the patient’s (in case of autologous CAR-T therapy) or donor’s (for allo-

geneic therapies) peripheral blood via leukapheresis. This is then followed by an ex-vivo

enrichment and expansion of T lymphocytes. The T-cells are activated and genetically

modified, using viral (i.e. γ-retroviral or lentiviral vectors) or non-viral (i.e. mRNA

electroporation, DNA or RNA trasposons systems) methods for the expression of the

CAR or for gene silencing (M. H. Wilson et al., 2007; Kebriaei et al., 2016; Eyquem et

al., 2017; Ren et al., 2017; Stadtmauer et al., 2020). The CAR-T cells are then expanded

ex-vivo until the required number of cells for the administration is reached. The product

gets then prepared for the infusion into the patient and cryopreserved for the shipment.

The CAR-T cells need then to be transported to the site where the infusion is happening,

thawed and infused in the patient (Figure 1.3). Once in the patient body CAR-T cells

are able to target and eradicate malignant cells that express the antigen targeted by the

CAR construct (Xiuyan Wang et al., 2016).
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Figure 1.3: Flow diagram of the CAR-T cells manufacturing process. Starting from the leuka-
pheresis product, the T-cells are washed and enriched, activated, genetically modified, and ex-
panded. This is followed by the formulation/filling step, CAR-T cells are cryopreserved, shipped
to the final site, thawed and administered to the patient.

1.5.1 Leukapheresis, washing, and enrichment

The leukapheresis collection takes place at specialised sites and its duration varies de-

pending on different factors, such as: machine used and its efficiency, number of target

cells in the blood, patient weight and number of cells wanted. Apheresis machines al-
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low to separate and collect leukocytes form the patient or donor blood and return the

rest of the blood into circulation. The collection and processing of the leukapheresis

further contributes to the high starting material variability, which is one of the main is-

sues in the CAR-T cell manufacturing (B. Levine, 2015). The apheresis product is then

processed in different ways, depending on the desired starting material for the manu-

facturing process, which can require PBMCs or purified T-cells (Xiuyan Wang et al.,

2016). The product it is also washed in order to remove anticoagulant, red blood cells

and platelets (B. Levine, 2015).

There are different machines available on the market for the enrichment and washing

steps. The LOVO Cell Processing System (Fresenius Kabi), COBE 2991 cell processor

(Terumo BCT), and Cell Saver® 5+ (Haemonetics) have the ability to remove the red

blood cells and platelets and to concentrate, dilute or wash the product. The Terumo

Elutra® counter-flow centrifugal elutriation system and the Biosafe Sepax allow for the

isolation of leukocytes based on size separation (Fesnak et al., 2017). Furthermore, the

CliniMACS Prodigy® enables the enrichment of specific T-cell subsets via magnetic

separation following the washing steps (Xiuyan Wang et al., 2016).

1.5.2 Activation methods

After the enrichment and washing steps T-cells need to be activated in order to start the

expansion phase ex vivo. Until activated, T-cells are in a quiescent state and require low
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amount of metabolic activity (L. Almeida et al., 2016). In order to be activated T-cells

require a CD3 proliferative signal together with a costimulatory signal (i.e. CD28 cos-

timulatory signal). T-cells can be activated via soluble anti-CD3 mAbs in combination

with IL-2 (Vormittag et al., 2018). Co-culture with antigen presenting cells (APCs) cells

such as dendritic cells has also been used for T-cell activation. However, these methods

are not practical, the process is hard to scale-up and inconvenient for clinical settings,

which leads to a very high cost and to a time consuming process (Xiuyan Wang et al.,

2016; B. Levine, 2015). The industry has therefore moved towards antibody coated

paramagnetic beads (i.e. Dynabeads®). These beads have a diameter of ∼ 4.5 μm and

are coated with anti-CD3 and anti-CD28 mAbs which stimulate the proliferation of pri-

mary T-cells in culture (B. Levine, 2015). Dynabeads® need to be removed at the end

of the culture using a magnet. Furthermore, in order to achieve an effective activation

and proliferation of the T-cells, Dynabeads® need to be well suspended and interact

with the cells in non-static environments, as for example WAVE bags and stirred-tank

bioreactors (Costariol et al., 2019).

Other activation methods are present on the market, as for example the Miltenyi

TransAct™ CD3/CD28 polymeric nanomatrix coated particles. They have the advan-

tage of being degradable and therefore do not require for a removal step at the end

of the culture. Studies have shown that the proliferation of T-cells results compara-

ble when using TransAct™ or Dynabeads® (Wang et al., 2015). On the other hand, a
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study by Mock et al. (2016) showed a significantly higher expansion rate when using

Dynabeads® compared to the TransAct™ technology.

Thermo Fisher Scientific, the Dynabeads® producer, has signed a seven-year CAR-

T teach nonexclusive licensing deal with Juno Therapeutics and Novartis in 2018 (Flora

Southey, 2018). This made Dynabeads® an appealing activation method for many CAR-

T product developer; despite the need to remove the beads at the end of the culture

they are still the most used activation method in clinical trials and currently used in the

manufacturing of both KYMRIAH® and YESCARTA® (Vormittag et al., 2018; Mock

et al., 2016).

However, the difficulty with removing the Dynabeads® at the end of the manufactur-

ing process has resulted in other companies and research groups to develop innovative

activation methods that are easily removable without the need of additional steps. One

example is the Cloudz™ T-cell activation Kit developed by Quad Technologies and ac-

quired by Bio-Techne in 2018 (Hippel, 2018). Cloudz™ are dissoluble micro spheres

fictionalised with human anti-CD3 and CD28 antibodies. At the end of the T-cell ex-

pansion, the Cloudz 6X Release Buffer can be added directly to the culture media and

will rapidly dissolve the Cloudz™ without the need of additional steps.

Although Dynabeads® are still widely used in the CAR-T industry, there is a need

for more advanced technologies that allow an easier removal at the end of the expansion

phase. Some of these technologies include the Miltenyi TransAct™ and the recently
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developed Cloudz™ by Bio-Techne, both made of dissoluble matrices.

1.5.3 Gene delivery and gene-editing tools for CAR expression

Different gene-editing tools have been used for the CAR expression and/or for gene

knockout or silencing. Gene editing tools can be divided in viral and non-viral. The

two FDA approved CAR-T therapies, KYMRIAH® and YESCARTA®, both use viral

vectors for the expression of the CAR. Viral vectors are the most common gene-editing

tool for CAR expression in commercialised product and for products in clinical trials

(Food and Drug Administration, 2019; M. C. Milone et al., 2018; Tipanee et al., 2017).

γ-retrovirus was the first type of viral vector used to transduce T-cells (Xiuyan Wang

et al., 2016), however lentiviral vectors have many advantages over γ-retroviruses. They

can integrate in the genome of non-dividing cells and present a lower risk of insertional

mutagenesis due to their tendency to integrate away from host promoters compared to

the γ-retroviruses (Vannucci et al., 2013). Despite their high and stable transduction

efficiency, both viral vectors are expensive to produce and require intensive biosafety

testing (B. Levine, 2015). Viral vectors need to be produced under good manufacturing

practice (GMP) conditions in separate clean rooms adding to the final cost of CAR-T

therapies (Vormittag et al., 2018). Different lots of lentiviral vectors are likely to have a

different performance, increasing the variability in the final product (Gee, 2018). These

are some of the reasons behind the interest and initial transition towards non-viral gene-
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editing tools for CAR expression and gene silencing (P. V. R. Manuri et al., 2010; H.

Singh et al., 2013).

Non-viral gene-editing tools are considered to be safer, easier to manufacture and

scale-up compared to viral-vectors (S. Li et al., 2006). Up to date non-viral methods

have been mostly used as gene-editing tools in allogeneic CAR-T therapies for gene

knockout and silencing (Depil et al., 2020; Stadtmauer et al., 2020). However, non-viral

gene-editing for CAR integration has been explored (Monjezi et al., 2017; P. V. R. Ma-

nuri et al., 2010; Huang et al., 2008; S. Gonzalez et al., 2004). Electroporation of naked

DNA or plasmid-based trasposone/transposase systems are commonly used for non-

viral gene delivery (Vormittag et al., 2018). Electroporation causes transient disruption

of the cell membrane due to cell exposure to an electric field. Charged molecules, such

as DNA and RNA are therefore able to enter into the cell cytoplasm. The membrane

is then restored within a few hours and the DNA or RNA integrates in the cell genome

(Chicaybam et al., 2013).

The more commonly used technologies for gene-editing are Zinc-finger nucleases

(ZFNs), TALENs, CRISPR/Cas9 system, Sleeping Beauty (SB) and PiggyBac (Depil et

al., 2020; Themeli et al., 2015; Vormittag et al., 2018; Gee, 2018). The ZFN can be de-

signed using three to six zinc-finger units to cleave a specific domain on double-stranded

DNA in order to remove an unwanted gene. TALENs are composed of a catalytic do-

main (Fok-I) and a transcription activator-like effector (TALE) DNA binding-domain.
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ZFN and TALENs are mainly used for gene knockout (Depil et al., 2020). The CRISPR

system is derived form a microbial adaptive immune system. This system works in

combination with a nuclease (Cas9 is the most commonly used) and a short RNA. The

specificity of the CRISPR system relies on RNA-DNA base paring. The Cas9 nucle-

ase generates blunt ends in contrast with all the above mentioned nucleases (Depil et

al., 2020). The SB transposon/transposase system can be used to integrate the gene

of interest in the genome (i.e. CAR). The PiggyBac system recognises transposon-

specific inverted terminal repeats (ITRs) and integrates DNA into the genome at TTAA

sites. Furthermore, using transposon/transposase system, such as the PiggyBac sys-

tem, larger constructs can be integrated in the genome compared to the ones allowed by

viral-vectors (∼ 10kB base pairs) (Ptáčková et al., 2018).

SB has shown lower risk for instertional oncogenesis compared to the PiggyBac

system. SB systems have also shown promising results in CAR-T cells therapies and

has been used for gene-editing of CAR-T cells in clinical trials (Kebriaei et al., 2014;

H. Singh et al., 2015).

1.5.3.1 Future perspective

Viral vectors have been widely used and they integration has been studied in depth.

Their mechanism of action is well understood and viral vectors are approved by FDA

and EMA for current therapies. Viral vectors are also known to have a high transduc-

tion efficiency (from 30% to 80%), however they are significantly more expensive than
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non viral vectors (Vormittag et al., 2018; Z. Zhang et al., 2018). Moving away from

viral vectors will therefore bring down the manufacturing costs for the manufacturing

of CAR-T therapies. Current non-viral methods have lower efficiencies compared to

viral transduction and have been mainly used for gene silencing and knockout rather

than for CAR expression (Ramamoorth et al., 2015). However the increasing interest in

non-viral gene-editing tools and constant development in the field suggest that the next

generation of CAR-T therapies could move away from viral vectors and prefer non-viral

gene-editing tools for CAR expression and gene silencing, when needed.

1.5.4 Expansion methods

Once T-cells have been enriched, activated, and genetically modified they need to be

expanded in vitro in order to reach the wanted target dose numbers (Table 1.5). CAR-T

cell therapies currently fall under the category of ‘personalised medicines’. This implies

that only one batch is released from each expansion process and there is no need to scale

it up. However, once the therapies reached the market, it was soon realised that the cost

of manufacturing is not sustainable. Strategies to scale-up or scale-out the process need

to be put in place in order to reduce the manufacturing cost and make these therapies

accessible to a wider public.
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Table 1.5: The target dose and the maximum total number of CAR positive viable T-cells in-
jectable in patients treated with the two FDA approved CAR-T products - YESCARTA® and
KYMRIAH®. Data retrieved from Food and Drug Administration, 2019.

CAR-T Product Target dose (CAR
positive viable T-cells)

Maximum Total Number
of CAR positive viable

T-cells per dose
YESCARTA® 2 x 106 per kg of

body-weight
2 x 108

KYMRIAH® for paediatric
& young adult B-cell ALL

(up to 50 kg of weight)

0.2 - 5 x 106 per kg of
body-weight

2.5 x 108

KYMRIAH® for paediatric
& young adult B-cell ALL

(above 50 kg of weight)

0.1 - 2.5 x 108

(irrespective of
body-weight)

2.5 x 108

KYMRIAH® for adult
relapsed or refractory diffuse

large B-cell lymphoma

0.6 - 6 x 108

(irrespective of
body-weight)

6 x 108

Until now, most of the expansion platforms used have been adapted from other cell

types rather than being specifically designed for T-cells. Therefore, different steps need

to be carried out in different vessels. This requires the transfer of material from one

system to another in expensive clean room facilities. The operators need to be highly

skilled and experienced and the open nature of the process implies there is a risk for

contamination (Vormittag et al., 2018). Small-scale production of CAR-T cells is cur-

rently performed or at least started in static cell expansion platforms, e.g. T-flasks,

gas-permeable gas, and G-Rex vessels. These systems require frequent manipulation

(except for the G-Rex) and are difficult to scale (Xiuyan Wang et al., 2016).

The only fully closed system available on the market is the CliniMACS Prodigy®,

which makes isolation, activation, transduction, and expansion possible in a single plat-
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form. Closed all-in-one systems such as Octane Cocoon™ (Lonza) and the Quantum®

Cell Expansion System (Terumo BCT) have been recently launched in the market. The

implementation of manufacturing in completely closed systems would allow to move

from a class 100 (ISO 5) environment to a class 10 000 one (ISO 7), reducing the clean

room cost (Dai et al., 2019). However, the majority of CAR-T products manufactured

for clinical trials and commercialisation use a rocking motion bioreactor (Xiuyan Wang

et al., 2016; Vormittag et al., 2018).

As identified in Table 1.5, the target dose for CAR-T therapies is in the range of

2-6 x 108 viable CAR-T cells for each infusion. This highlights the need for effective

expansion methods, moving away from platform with a limited potential for scale-up.

Scalable expansion systems will enable multiple doses being manufactured in a shorter

time making the therapies promptly available for critical patients. The shorter expansion

time will also limit the differentiation of CAR-T cells and will result in a potentially

more efficacious in vivo treatment (Gattinoni et al., 2005).

1.5.4.1 T-flasks, gas permeable bags and G-Rex

T-flasks, gas permeable bags and G-Rex vessels are commonly used platforms for the

expansion and production of small-scale CAR-T therapies, with 22% of the products

still manufactured in T-flasks and 35% in gas permeable bags (Vormittag et al., 2018).

T-flask are the most traditionally used culture platforms for a variety of cell types,
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and therefore it is not surprising that they have been used for the expansion in many

CAR-T clinical trials. They are completely static platforms where the mass-transfer oc-

curs only on the gas-liquid interface, which results to be highly inefficient and limits the

achievable cell number and fold expansion. T-flask also require frequent manipulation

by trained operators and expensive clean room space, as multiple flasks are required for

a single dose production (Mizukami et al., 2020). All this affects the cost of the man-

ufacturing process, where T-flasks have been shown to be significantly more expensive

compared to gas permeable bags and rocking motion bioreactors (Jenkins et al., 2018).

Gas permeable bags, made of flexible polymers, can be operated in a semi-closed

manner with a needle access for cell sampling and media addition or exchange (Mizukami

et al., 2020). The mass-transfer is improved compared to the T-flasks, since the whole

surface area of the bag allows for the transfer of oxygen, carbon dioxide, and nitrogen

(Fekete et al., 2018). Gas permeable bags can be used for T-cell trasduction as well,

avoiding the trasfer of the material from one vessel to another. Tumaini et al. (2013)

reported a fold expansion of CAR-T cells in permeable bags in the range of 8-14 using

a 13-days expansion protocol. The same manufacturing process has then been used in

multiple CD19 CAR-T clinical trials (D. W. Lee et al., 2015; Stroncek et al., 2016).

Although Vormittag et al. (2018) reported 35% CAR-T cells for clinical trials being

manufactured in permeable bags, details about the fold expansion are not always made

available (Till et al., 2008).
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In the G-Rex system (Wilson Wolf) T-cells are cultured on a gas-permeable mem-

brane, which provides a highly oxygenated environment and has shown comparable or

improved fold expansion compared to the rocking motion bioreactors (Somerville et al.,

2012; B. Levine, 2015). A 100-fold cell expansion in 10 days without any medium

exchange has been reported in the G-Rex M series vessel using K562 cell line (Bajgain

et al., 2014). Others report 2-3 x 109 total CAR-T cells in the G-Rex 100M vessel, with

a surface of 100 cm2 (Ludwig et al., 2020). The G-Rex platform has also shown lin-

ear scalability in terms of surface area. G-Rex 5 (surface area of 5 cm2), G-Rex 100M

(surface area of 100 cm2), and G-Rex 500M (surface area 500 cm2) showed compara-

ble fold expansion and similar cells cm-2 and can support very low seeding densities,

such as 1.25 x 105 cell cm-2 (Bajgain et al., 2014). Wilson Wolf claims that the G-Rex

have the most efficient use of medium and reagents and a single device can be used for

each patient, reducing the need for expensive GMP space. A study has reported the

activation, transduction and expansion of T-cells in the G-Rex 6-well plates obtaining

up to 42-fold expansion in 11-14 days (Gagliardi et al., 2019), while other protocols

transduce T-cells in different platforms (Pampusch et al., 2020). Wilson Wolf has also

implemented a semi-automated method for the final cell harvest, reducing the risk for

contamination (Bajgain et al., 2014).

These static systems are operated in batch or fed batch, with no perfusion option

available. In order to produce a large number of cells in these systems, a scale-out
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approach is needed, which can end up with multiple vessels at once. This becomes

troublesome in terms of space needed, manipulation required and laborious in terms

of harvesting procedure (B. Levine, 2015). These systems might be sufficient for small

scale clinical trials with a limited number of patients. However, although they are GMP-

compliant (Bajgain et al., 2012), they are not suitable for larger scale manufacturing

due to their open-handling steps and scalability issues. An additional drawback is posed

by the fact that none of these systems allows for the control or monitoring of culture

parameter such as temperature, pH, and dissolved oxygen.

1.5.4.2 Rocking motion bioreactors

Rocking motion bioreactors are currently the most used bioreactors for the manufac-

turing of CAR-T cell therapies (Vormittag et al., 2018). This is a semi-closed system

that provides a better uniformity in terms of oxygenation, nutrients, and pH compared

to the static culture platforms, due to the mixing occurring through the rocking of the

bags (Somerville et al., 2012). Rocking motion bioreactors can be operated in perfusion

mode, enabling a cell density of 107 cells ml-1 (Xiuyan Wang et al., 2016), resulting in

much higher final numbers compared to T-flasks and gas permeable bags. The rocking

motion platform also enables to control and monitor the pH, dissolved oxygen, rocking

speed, rocking angle, and the pressure inside the bag.

The two main manufacturers of the rocking motion bioreactors are Sartorius Stedim

Biotech with the BIOSTAT® RM and GE Healthcare Life Sciences with the Xuri™ Cell
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Expansion System. All the systems operate with single-use bags that range from 1 to

25 liters. One of the limits for this system is the relatively large volume ∼ 300-500

ml needed for inoculation, which requires to pre-expand the cells in a smaller plat-

form (i.e. T-flask, gas permeable bag or G-Rex) prior to inoculation (Mizukami et al.,

2020; Hollyman et al., 2009). Hollyman et al. (2009) have reported a 668 fold expan-

sion of anti-CD19 CAR-T cells after 18 days of expansion under constant perfusion

regime in the Xuri™ bioreactor. Although rocking motion bioreactors are widely used

for CAR-T cell products undergoing clinical trials, it is hard to find studies detailing the

manufacturing process and the fold expansion achieved using this platform (Vormittag

et al., 2018). Another drawback is the lack of scale-down models for rocking motion

bioreactors, which would allow for high throughput screening. Although rocking mo-

tion bioreactors have been extensively characterised form a fluid dynamic point of view

(Marsh et al., 2017a) the suspension of the Dynabeads® and their interaction with the

T-cells has not been studied. A poor suspension of the beads and a low interaction with

the T-cells can lead to a sub-optimal T-cell expansion (Costariol et al., 2019).

1.5.4.3 CliniMACS Prodigy

The CliniMACS Prodigy® is the only fully closed system available on the market (Marin

Morales et al., 2019). It allows to perform cell selection, activation, transduction, cell

washing and expansion all in a single fully closed platform (Zhu et al., 2018). This

platform reduces the risk of contamination compared to an open-process and reduces
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the need for highly skilled personnel for its operation. However, a single CliniMACS

Prodigy® can manufacture the dose for one patient at the time, making the machine

unavailable for any other task in that time frame. This implies that, if doses for multiple

patients need to be manufactured in parallel, different CliniMACS Prodigy® need to be

used, making the manufacturing process really expensive (fixed cost of the CliniMACS

prodigy ∼ $180,000 (Zhu et al., 2018)).

GlaxoSmithKline (GSK) plc partnered with Miltenyi Biotec in March 2016 to de-

velop CGTs, outlining how important it is to have a closed-fully automated product that

can be used for different types of manufacturing (GSK, 2016). In early 2018, Autolus

Therapeutics announced an extensive partnership with Milteny Biotec to use the Clini-

MACS Prodigy®. The company have since been using the automated CAR-T platform

to manufacture CAR-T therapies (Autolus Therapeutics plc, 2018). The CliniMACS

Prodigy® also received the EMA approval for the GMP manufacture of Zalmoxis®

(a patient-specific cell therapy involving haplo-HSCT) manufactured by MolMed SpA

(Miltenyi Biotec GmbH, 2018).

Although there appear to be various commercial partnerships using this system,

there is little data in the peer-reviewed literature and no approved CAR-T products us-

ing the CliniMACS Prodigy® for product manufacture. Data from different studies are

shown in Table 1.6.
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Table 1.6: Fold expansions in the CliniMACS Prodigy® platform. The duration of the expansion
phase and starting material are also listed.

Author Fold
Expansion

Days of
expansion

Starting
material

Mock et al., 2016 16.2 ± 7.9 8-10 Healthy donors
Lock et al., 2017 43 ± 14 12 Healthy donors

W. Zhang et al., 2018 16-20 8 Healthy donors
Zhu et al., 2018 24.5-41.0 13 Not stated

Aleksandrova et al., 2019 41-81 12 Healthy donors

Others report the use of the CliniMACS Prodigy® in their manufacturing process,

but no data about cell growth have been found (Zhu et al., 2016; Nirav N Shah et al.,

2018; Blaeschke et al., 2018). Furthermore, two clinical trials in early phase I that use

the CliniMACS Prodigy® for the manufacturing of CAR-T cells have been reported on

ClinicalTrials.gov, 2020.

Although the CliniMACS Prodigy® is the only fully closed system currently avail-

able on the market, manufacturers relying on this platform are limited to a single sup-

plier. This poses a great risk in case of discontinuity of some of the products due to

manufacturing or other issues, since no alternatives are available. Furthermore, if there

is no competition on the market, the price for the platform and the consumables can be

set by Miltenyi with almost no constrictions.

A single CliniMACS Prodigy® can only be used to manufacture on average 2 to 3

patient doses per month (A. Kaiser et al., 2015). This implies the need for scaling-out

for commercial production, which increases the costs of the manufacture significantly.

Moreover, the price of the single use equipment for each run is estimated to be ap-
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proximately $26,000, excluding the personnel cost (GEN, 2016). Therefore, the cost to

manufacture an average of 24 doses per year is ∼ $624,000, which adds up to the cost

of the CliniMACS Prodigy® (∼ $180,000).

The expansion chamber of the CliniMACS Prodigy® has a working volume that

goes from 100 to 250 ml. However, there are no scale-down nor scale-up models that

are commercially available, making this platform unsuitable for high throughput screen-

ing and allogeneic therapies. Furthermore, there are concerns about the CliniMACS

Prodigy® being a fully closed system that can be operated in a grade D clean room.

Some of the processes might still require preparation steps to be undertaken in biosafety

cabinets and therefore the need for a grade B clean room, which is more expensive to

build and run compared to a grade D (Dai et al., 2019).

1.5.4.4 Emerging expansion platforms

Due to the lack of purpose-built bioreactors for the expansion of CAR-T cells, there is a

number of new closed automated systems being developed or that have just reached the

market.

The recently launched Lonza Cocoon™ is an automated GMP-in-a-box device that

allows end-to-end manufacturing from cell isolation to harvest. The system is based on

single use highly customised cassettes, adding flexibility to the manufacturing process.

Up to 10 Cocoon systems can be fitted on the Cocoon tree which has a footprint of just

1 m2. This makes the scaling-out particularly appealing, limiting the expensive clean
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room space needed. Lonza has stipulated a clinical collaboration with one of the larger

hospitals in the Middle East (Sheba Medical center), where the device is being used to

manufacture products for autologous CAR-T clinical trials (Barba, 2019). No data on

CAR-T cell growth have been published using this system up to date.

Aglaris Ltd, a company based in the United Kingdom, has developed a closed system

called Facer 1.0. It is an automated and fully closed system, which is based on an

iteratively-expanding culture chamber, allowing to have a reduced amount of cells at

seeding. The Facer 1.0 bioreactor also allows to grow cells from three different sources

at once avoiding cross-contamination. This would allow for multiple patients batches

to be manufactured in parallel. This system, however, does not seem to include the

isolation step, which would have to be performed prior to inoculation.

Adva Biotechnology, an Israeli company, has launched its closed system ADVA X3

in January 2020. ADVA X3 is described as a robust and modular cell manufacturing

cGMP system, that allows autologous therapies to be manufactured at bed side. Since

the technology has only recently been launched, there is no information about the ex-

pansion system used, nor data showing CAR-T cell expansion.

London based start-up Ori Biotech has recently secured $8.6 million in their seed

round to innovate the manufacture of CGTs. Although their product has not been re-

leased yet, they promise to bring down the cost of CGTs addressing the main manufac-

turing bottlenecks.
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All these systems are trying to automate the manufacturing process or parts of it, re-

ducing the human interactions needed. The ADVA X3 system is described as a bed side

device, which means it does not need to be placed in a clean room environment. This

system is therefore limited for autologous therapies and can only be used to manufacture

one product at the time. Similarly, the Cocoon™ system is suitable for scaling-out the

manufacturing process, however it does not consider the need to scale-up for allogeneic

therapies.

1.5.4.5 Stirred tank bioreactors

Commercially available stirred-tank bioreactors have been extensively used the expan-

sion of Chinese hamster ovary (CHO) for mAb production and for other biopharma-

ceutical products (Alvin W Nienow, 2015; Schirmer et al., 2018). Stirred-tank biore-

actors have been used also to grow adherent cells on microcarrieres (Q. A. Rafiq et al.,

2016a; Alvin W Nienow et al., 2016; A. K.-L. Chen et al., 2015; Heathman et al., 2015;

Carmelo et al., 2014).

Stirred-tank bioreactors have significant advantages over other platforms used for

cell expansion. They are easy to scale and are available in a wide range of volumes,

making them suitable for both autologous and allogeneic therapies (Q. A. Rafiq et al.,

2015). Stirred vessels enable more uniform culture conditions, ease of sampling, and

the ability to control process parameters as pH and dissolved oxygen (Carswell et al.,

2000; van den Bos et al., 2014). They can be operated in perfusion mode and the oxy-
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gen mass transfer can be increased via agitation and sparging. All these characteristics

make them ideal for high density cell culture (van den Bos et al., 2014). Furthermore,

due to their large usage in the industry, stirred-tank bioreactors have been extensively

characterised both from an engineering and biological point of view. Stirred-tank biore-

actors are available as single-use systems or as reusable systems made of steel and glass

(Schirmer et al., 2018). There are different manufacturers for stirred-tank bioreactors

(i.e. Sartorius Stedim Biotech, Eppendrof, Pall Life Sciences, Merck, Thermo Fisher

Scientific, Applicon, GE Healthcare), which makes the market competitive and not mo-

nopolised as in the case of the CliniMACS Prodigy®, where the only producer for the

system and consumables is Miltenyi Biotec. Furthermore, having multiple suppliers

mitigates the supply risk and provides flexibility on the design of the vessel and im-

peller, as well as on the wanted scale for the manufacturing of the product.

Despite the numerous advantages listed above, limited studies using stirred-tank

bioreactors have been carried out in the T-cell space, primarily due to the general belief

that T-cells are shear sensitive (van den Bos et al., 2014). Two studies were conducted

in the early 2000 (Carswell et al., 2000; Bohnenkamp et al., 2002), after which no work

has been performed until recently, showing a renewed interest in stirred-tank bioreactors

for the production of CAR-T therapies (Klarer et al., 2018; Ou et al., 2019). Different

concerns have prevented these bioreactors to out-compete more ‘gentle’ expansion plat-

forms (rocking motion bioreactors, permeable bags, G-Rex, T-flasks). Hydrodynamic
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forces have risen different concerns in regards with mammalian cells and they are be-

lieved to limit their growth, viability, altering their metabolite profiles, and expression

of surface receptors (Carswell et al., 2000; Bohnenkamp et al., 2002; van den Bos et al.,

2014).

Carswell et al. (2000) have investigated the impact of stirring in a 2 liter Setric Ge-

nie stirred-tank bioreactor (60-300 rpm range tested). The T-cells were obtained via

leukapheresis from non hematological cancer patients or as whole blood samples from

healthy donors. Healthy donor samples were processed using a histopaque density gra-

dient in order to isolate the PBMCs. The PBMCs were not further processed and they

were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with

100IU IL-2, 10% foetal bovine serum (FBS), 2mM glutamine, 1mM sodium pyruvate,

0.1mM non-essential ammino acids, 25mM N-2-hydroxyethylpiperazine-N-ethanesulfonic

acid (HEPES), 100 U ml-1, 100 μg ml-1 streptomycin, and 5 μg ml-1 phytohemagglu-

tinin (PHA) used only for activation. Further medium addition did non contain PHA.

The main finding was the down-regulation of the CD25 (IL-2R) receptor in stirred cul-

ture conditions under headspace and sparging aeration conditions. The down-regulation

increased linearly with the increase in the stirring speed. However, the bioreactors were

run in batch mode and the PBMCs were pre-expanded for a varying period of time (5-7

days) in T-flasks before being seeded in the bioreactors at 1.5 x 105 cells ml-1. Further-

more, the stirring speed was increased day by day and it is not clear whether the slower
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proliferation at higher speed was due to the lack of nutrients or if it was a consequence

of the increasing shear stress. Pluronic, which is known to improve cell viability under

sparged conditions, was not employed in any of the undertaken experiments. The use

of protective additives is mentioned in the future work, together with perfusion culture,

optimal dO2 and pH investigations, feeding strategies, and medium formulation.

Some of these parameters (pH, feeding strategy, dO2, and temperature) have been

later investigated by Bohnenkamp et al. (2002) in static T-flasks. The optimal conditions

were then used to expand T-cells in a stirred-tank bioreactor. This study used PBMCs

from healthy donors who tested positive for cytomegalovirus (CMV). The optimal pH

range was found to be 7.0-7.3 in the static control. The optimal feeding regime was a

daily half media exchange, achieving a higher cell density compared to a medium ex-

change every 2nd or 3rd day. The oxygen tension seemed to have an impact on T-cells

proliferation, with 5% dO2 resulting in the higher fold expansion, but with a compara-

ble growth rate to the conditions grown at 25% and 50% dO2. For the dO2 testing a

Cellferm-pro® system was used, which allowed for the online monitoring of pH, tem-

perature and dO2. The same system was also used for temperature testing in a range

from 34°C to 40°C. The optimal temperature was found to be 38.5°, simulating a fever

condition in vivo. For the assessment of the growth of T-cells in a stirred environment

they used a conventional stirred 1 liter vessel by Applikon Biotek and a suspension

bioreactor developed within their group. The PBMCs were activated for 4 days using

55



immobilised anti-CD3 mAbs, after the activation the two bioreactors were seeded. The

seeding density was inconsistent between the two bioreactors. The Applikon Biotek

bioreactor was seeded at 1.35 x 105 cells ml-1, while the bioreactor developed by the

group was seeded at 5 x 105 cells ml-1. The fold expansion in the two systems was 44.4

and 30 fold respectively, after almost 10 days of culture. This study also confirmed the

faster down-regulation of the IL-2R in the stirred environment compared to the static

one. On the other hand, lower oxygen tension (5%) improved the fold increase of T-

cells when compared to higher values (75%). However, the stirring speed used for the

expansion of T-cells in the stirred-tank bioreactors was not reported.

Klarer et al. (2018) published a study reporting the growth of primary T-cells from

healthy donors in an ambr® 15 high-throughput stirred-tank bioreactor. Negatively iso-

lated CD3+ cells from three different donors apheresis products were used in this work

and static culture was compared to the stirred-tank bioreactor. The medium used in this

study was the serum-free X-VIVO (Lonza) with the addition of 5% human AB serum

and 100 IU ml-1 of IL-2. The T-cells were activated using 3:1 Dynabeads® to cells ra-

tio. A fed batch feeding strategy was compared with a high (50% medium exchange per

day) and low (35% medium exchange per day) perfusion mimic strategy. The impeller

was stopped one hour before the medium removal and the medium exchanges were per-

formed after cell sedimentation. This step caused a 4.84% loss of the cells per iteration.

Two out of the three donors showed a significantly better growth under the high perfu-

56



sion feeding compared to the fed batch conditions. The third donor showed poor growth

in all the expansion platforms. The pH in the bioreactors was controlled between 7.1-

7.2 and the dO2 was kept at 50% by headspace aeration. However, the stirring in the

ambr® 15 bioreactor was only started on day 5 of culture and was set to 300 rpm in

down-pumping mode. This study also shows that, although continuous stirring did not

reduce the overall growth of the T-cells, the cells in static conditions displayed a higher

growth rate in the first five days compared to the the one grown in stirred environment.

The cultures were carried out for 13 days, however a halt in the T-cell growth was seen

after day 9 for all the donors.

Ou et al. (2019) in their study reported the growth of primary human T-cells in a

2 liter stirred-tank bioreactor developed within the group. They report the comparison

between different activation methods: 1:1 cell to Dynabeads® ratio and soluble anti-

CD3 and anti-CD28 mAbs, claiming that T-cells activated using Dynabeads® show a

significantly better proliferation and fold expansion. They also assessed the effect of

double activation, showing that it achieved a higher fold expansion. The cells were

activated 4 days prior to the inoculation in the bioreactor and the Dynabeads® were

removed after 4 days prior to the inoculation. The volume in the bioreactor was 800

ml and operated in a fed batch mode; no further details about the feeding strategy are

provided. The stirred-tank bioreactor was operated at 70 rpm, the pH set at 7.4 and dO2

at 70% with gas sparging at 0.01 volume of liquid per minute (VVM). The final reported
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cell density in the bioreactor after 4 days of culture was 6.40 x 106 cells ml-1. The fold

exchange was in the range of 132 to 1011-fold, however it was calculated from the

day of thawing and activation, rather than from the day of the stirred-tank inoculation.

These numbers could therefore be misleading. It is also unclear if the seeding density

was re-adjusted to 0.5 x 106 cells ml-1 on the bioreactor inoculation day or if all the cells

contained in the flask were transferred to the vessel regardless of the cell numbers. The

medium used for the bioreactor culture was the CTS™ OpTmizer™ T-cell expansion

medium, a complete serum-free and xeno-free medium developed by Thermo Fisher.

No further information on the bioreactor used was provided in this paper nor further

references to any other sources were given.

All these studies confirm that it is possible to grow T-cells in a stirred-tank bioreactor

despite the general belief that T-cells are shear sensitive (Bohnenkamp et al., 2002;

Carswell et al., 2000; van den Bos et al., 2014; Klarer et al., 2018; Ou et al., 2019).

The two early studies highlight the dependence of IL-2R down-regulation in the stirring

regime, compared to the static one, suggesting it has an effect on the growth of the

cells (Bohnenkamp et al., 2002; Carswell et al., 2000). None of the two more recent

papers have looked into the IL-2R down-regulation (Carswell et al., 2000; Bohnenkamp

et al., 2002). However, the immunophenotype analysis at the end of the bioreactor

culture showed no significant difference in CD4 and CD8 markers expression between

the static and stirred environment (Klarer et al., 2018) and the proliferation of T-cells in
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the stirred-tank was better than the one in the static conditions (Klarer et al., 2018; Ou

et al., 2019). These two studies also used Dynabeads® for T-cell activation (although

in different beads to cell ratio). T-cells activated using magnetic beads showed a higher

proliferation rate compared to the one activated using soluble mAbs (Ou et al., 2019).

Although these papers give a great general proof of concept, no studies up to date

have been carried out growing gene-modified CAR-T cells in stirred-tank bioreactors

and examining their potency at the end of the process. Furthermore, the scalability

between different bioreactors has not been assessed with this type of cells. Having a

scale-down model that could be then scaled-up to commercial scale would immensely

benefit the research and development of CAR-T therapies limiting the cost and the raw

material needed.

1.5.5 Current challenges in the expansion process of CAR-T cell

therapies

The current production of CAR-T therapies still needs to overcome different bottlenecks

in order to reach a fully efficient commercial manufacturing process. This is highly due

to the relatively small number of products requested and a highly personalised manufac-

turing process which significantly increases the overall cost. Different companies have

put in place different approaches to bring the cost down, i.e. automation, development

of closed all-in-one system, and scaling-up the process for allogeneic therapies.
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Tyagarajan et al. (2019) recently published a paper on the manufacturing challenges

faced during the KYMRIAH® clinical trials by Novartis. The process was developed

at University of Pennsylvania and therefore the optimisation was mainly focused on the

translation of the process from a single academic institution to manufacturing the same

product for numerous clinical sites from two centralised manufacturing facilities. The

main challenges in scaling out the production were in the standardisation and characteri-

sation of the process and the product to ensure consistency, meet the different regulatory

requirements that vary in different countries, substitute the manual processes with au-

tomated manufacturing steps to ensure reproducibility of the process, and manage the

logistics in global clinical trials (Tyagarajan et al., 2019).

The production of CAR-T therapies needs to be performed in appropriate and costly

clean room facilities, requiring frequent manipulation by highly skilled personnel. This

increases the overall cost of manufacturing. An all-in-one closed system could present

a solution that addresses not only the high cost, but also mitigates contamination risk

and reduces the number of operators needed.

As discussed in the section above, the only currently available closed system product

available for CAR-T therapies manufacturing is the CliniMACS Prodigy® produced

by Miltenyi Biotec. Closed systems can be placed in a lower grade clean room (ISO

7 instead of ISO 5), which are less expensive to construct and to operate (Dai et al.,

2019). However, the footprint of the CliniMACS Prodigy® system is considerable and

60



in order to produce multiple products for different patients in parallel you need multiple

machines which adds to the overall capital costs which can be difficult for small to

medium enterprises (SMEs) to bear.

The automation of the manufacturing process from start to end would help standar-

dising the complex process. This could potentially contribute towards a more uniform

final product. There are several systems on the market that allow for the automation

of different steps of the process, but none of them are completely integrated, exception

made for the CliniMACS Prodigy®.

Different manufacturing approaches have been undertaken by different companies

and whilst there are systems on the market which currently enable the manufacture of

small batch sizes of CAR-T cells, it is critical that manufacturing processes and plat-

forms are developed to allow for a larger number of universal, off-the-shelf therapy

doses. The possibility to manufacture multiple off-the-shelf product batches at once

would reduce the waiting time for the therapy administration, which is critical for pa-

tients with acute malignancies, and would significantly reduce the cost of CAR-T ther-

apies (Depil et al., 2020).
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1.6 Research aim and objectives

Stirred-tank bioreactors are widely used for CHO and E. Coli cultures and they are

well characterised from a biological perspective. Despite the amount of work carried

out in stirred-tank bioreactors and the wide use of stirred vessels in the industry, there

is limited work investigating the feasibility of manufacturing CAR-T cell products in

stirred-tank bioreactors.

The research presented in this doctoral thesis focuses on the development of a robust

and reproducible manufacturing process for CAR-T therapies in a stirred environment at

different scales. Given the fact that stirred-tank are scalable expansion platforms, there

is an opportunity for high-throughput screening of in process parameters in scale-down

models. This would allow to optimise the manufacturing process bringing down the

quantity of raw material needed and consequently the cost of research and development.

Once the process has been optimised at small scale, it can be then scaled-up to 1L

or larger volume stirred-tank bioreactors, which are essential for the manufacturing of

allogeneic CAR-T therapies.

The research aim of this EngD thesis is to demonstrate the robust and reproducible

manufacture of T-cell and CAR-T cells therapies in stirred-tank bioreactors.
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In order to achieve this aim, the following research objectives were established:

• Demonstrate Jurkat E6.1 T-cell line can be grown in stirred-tank bioreactors under

dynamic conditions.

• Establish a robust and reproducible expansion protocol for primary human T-cells

and CAR-T cells from healthy donors in a stirred-tank bioreactor investigating a

range of culture parameters including different agitation speeds.

• Investigate whether CAR-T cells grown in stirred-tank bioreactors retain the same

quality attributes as the one grown under static conditions.

• Identify a suitable scale-down model that could be used to perform high-throughput

screening.

• Scale the process to larger volumes (1L stirred-tank bioreactor) as a proof of con-

cept for allogeneic therapies.
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1.7 Outline of research chapters

The research presented in this doctoral thesis is split in three results chapters (Figure

1.4) as follows:

• Demonstrating T-cells expansion in a stirred tank bioreactor

The key work in this chapter demonstrates Jurkat E6.1 T-cell line can be grown in the

ambr® 250 bioreactor under dynamic conditions. Furthermore, results demonstrating

that primary T-cells from healthy donors can be grown in a stirred-tank bioreactor are

presented. Two different vessels (baffled vs. unbaffled) are compared on a power per

unit volume basis in terms of growth kinetics, metabolite profiles, and immunopheno-

type. The T-cells growth kinetics in stirred-tank bioreactors are compared to the T-cells

growth kinetics in static T-flasks.

• Establishing the expansion of human CAR-T cells in stirred-tank bioreactors

In this chapter healthy donors primary T-cells are transduced using lentivral vector and

the engineered CAR-T cells expanded in the ambr® 250 stirred-tank bioreactor using

the unbaffled vessel. Different agitation speeds are investigated (up to 500 rpm) and

results on the effect of shear stress on the growth, immunophenotype, and potency (in

vitro cytotoxicity assay) of the final product are discussed.

• Scaling-up the manufacture of human primary T-cells in stirred-tank bioreactors
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The key work presented in this chapter intends to identify a suitable scale-down model

that can be used in CAR-T cells manufacturing for high-throughput screening. For this

purpose, an initial screening experiment is performed in the ambr® 15 stirred-tank biore-

actor investigating different agitation parameters and dissolved oxygen concentrations.

The process is then scaled to 1 L as a proof of concept for allogeneic CAR-T therapies.

The results obtained at 15 ml, 250 ml, and 1 L are compared in terms of growth kinetics

and immunophenotype.

Figure 1.4: Summary of the three results chapters presented in this doctoral thesis.
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Chapter 2

Materials and Methods

2.1 Jurkat E6.1 cell line

2.1.1 Banking of Jurkat E6.1 cells

A vial containing 5 x 106 cells was purchased from the European Collection of Au-

thenticated Cell Cultures (ECACC, UK). The vial was thawed in a 37°C water bath and

the content was added to 15 ml Falcon® conical tube (StemCell™ Technologies, UK)

containing 5 ml of RPMI 1640 (Gibco™, Thermo Fisher Scientific, UK) medium sup-

plemented with 10% (v/v) FBS (Thermo Fisher Scientific, UK) and 2mM L-Glutamine

(Thermo Fisher Scientific, UK), referred to as complete RPMI (cRPMI) 1640 from now

on. The cRPMI was pre-warmed to 37°C in the water bath. The cells were centrifuged

at 350 xg for 5 minutes, the supernatant was aspirated, the cells were re-suspended in
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10 ml of fresh cRPMI, and plated in a Nunc™ T-75 non-treated culture flask (Thermo

Fisher Scientific, UK). The flask was then placed into a humidified incubator (PHC Eu-

rope B.V., UK) at 37°C and 5% CO2. cRPMI medium was added to the flask every 2-3

days in order to maintain the cell concentration below 1 x 106 live cells ml-1 and split

into multiple Nunc™ T-175 non-treated culture flasks (Thermo Fisher Scientific, UK)

at need. The Jurkat E6.1 cell were expanded for 2 weeks, after which 5 x 106 cells

were frozen down in 1 ml of 10% (v/v) dimethylsulphoxide (DMSO; Sigma-Aldrich

Company Ltd., UK) in FBS using 1.2 ml Corning® cryogenic vials (Corning®, France).

All steps were performed in a Class 2 Biological Safety Cabinet (BSC) under sterile

conditions. The closed vials were appropriately labelled and put into a CoolCell™ LX

Freexing Container (Sigma-Aldrich Company Ltd., UK) and placed in the freezer at -

80°C. After 1 day in the freezer, the vials were moved inside a box in the liquid nitrogen

tank for long term storage. Part of the cells was kept in culture and frozen after further

expansion.

2.1.2 Jurkat E6.1 culture

A vial containing 5 x 106 Jurkat E6.1 was thawed at need, following the same procedure

described in Section 2.1.1. The cells were plated in a Nunc™ T-75 non-treated flask

containing 10 ml of cRPMI. The cells were then placed into a humidified incubator at

37°C and 5% CO2 and diluted using fresh cRPMI every 2-3 days in order to keep the
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cell concentration below 1 x 106 cells ml-1. When the volume reached 50 ml the cell

suspension was transferred to a Nunc™ T-175 non-treated flask. The cells were kept in

culture until they reached the number of cells needed for the different experiments.

2.2 Human primary T-cells

Fresh whole blood or PBMCs from healthy donors were purchased from Cambridge

Bioscience (Cambridge Bioscience, UK). The whole blood or PBMCs were processed

straight upon delivery in order to isolate CD3 positive T-cells.

2.2.1 PBMCs isolation from whole blood

Whole blood samples were processed by diluting the 495 ml of blood in a 1:1 ratio in

RPMI 1640 medium supplemented with 2% (v/v) FBS. 33 SepMate™-50 PBMC isola-

tion tubes (StemCell™ Technologies Inc, UK) were filled with 15 ml of Lymphoprep™

solution (StemCell™ Technologies Inc, UK) each. 30 ml of whole blood was slowly

pipetted using a 50 ml CLEARLine® serological pipette (Kisker Biotech GmbH &

Co.KG, Germany) into each SepMate™-50 tube avoiding to mix the blood with the

Lymphoprep™ solution. The tubes were then centrifuged at 1200 xg for 15 minutes.

This resulted in a separation of different layers from top to bottom: plasma, PBMCs,

density gradient medium, and red blood cells and granulocytes, as shown in Figure 2.1.
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Figure 2.1: SepMate™-50 PBMC isolation tube after centrifuging. Different components of the
whole blood have been separated forming 4 layers: plasma, PBMCs, density gradiend medium,
and red blood cells and granulocytes.

Approximately 20 ml of plasma was carefully aspirated from each tube without dis-

turbing the PBMCs layer. The rest of the plasma, together with the PBMCs layer was

poured into a 1 L sterile bottle (Sigma-Aldrich Company Ltd., UK). The membrane in-

side the SepMate™-50 PBMC isolation tubes retained the density gradient medium, red

blood cells, and granulocytes inside the tube. The cells were then diluted in RPMI 1640
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medium containing 2% (v/v) FBS in order to make up 1 L of final solution. The solution

was then pipetted into 50 ml conical centrifuge Falcon® tubes (Thermo Fisher Scientific,

UK) and centrifuged at 500 xg for 10 minutes at 18°C. The supernatant was aspirated

from each tube and the cell pellet re-suspended in 20 ml of RPMI 1640 medium contain-

ing 2% (v/v) FBS, pooling two Falcon® tubes into a single one. The same procedure

was then repeated, centrifuging the cells at 400 xg for 10 minutes and the superan-

tant was aspirated. The cell pellet was re-suspended in 20 ml of RPMI 1640 medium

containing 2% (v/v) FBS and the content of two tubes was pooled into one. The last

centrifugation step was performed at low speed (150 xg) for 10 minutes in order to re-

move platelet contamination. The superantant was removed by pouring and the PBMCs

were re-suspended in RPMI 1640 medium and ready for the T-cell isolation step. The

whole procedure was carried out inside a BSC under sterile conditions.

2.2.2 Primary T-cell isolation from PBMCs

Once the PBMCs were isolated from whole blood, or were directly purchased from

Cambridge Bioscience, T-cell isolation was performed. In order to separate the T-

cells form PBMCs the Pan T Cell Isolation Kit (Miltenyi Biotec, UK) was used to-

gether with LS Columns (Miltenyi Biotec, UK) and MidiMACS™ Separator (Miltenyi

Biotec, UK) as per manufacturer’s instruction. An isolation buffer containing 0.5%

(w/v) bovine serum albumin (BSA; Sigma-Aldrich Company Ldt., UK) and 2 mM
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ethylenediaminetetraacetic acid (EDTA; Thermo Fisher Scientific, UK) in phosphate-

buffered saline (PBS; Thermo Fisher Scientific, UK) was prepared prior to the isolation

and kept in the fridge at 4°C.

The PBMCs contained in a 50 ml Falcon® were counted and centrifuged at 350 xg,

the supernatant was aspirated and the cell pellet was re-suspended in 40 μl of buffer per

107 cells. 10 μl of Pan T Cell Biotin-Antibody Cocktail (Milteny Biotec, Surrey, UK)

per 107 total cells was then added to the same tube. The solution was mixed using a

1000 μl mechanical pipette (Sartorius Stedim Biotech, UK) and incubated for 5 minutes

at 4°C. After this step 30 μl of isolation buffer per 107 total cells was added to the same

tube, together with 20 μl of Pan T Cell MicroBead Cocktail per 107 total cells. The

final solution was mixed using a 1000 μl mechanical pipette and incubated for 10 min-

utes at 4°C. While the cells were in the refrigerator, 4 LS Columns were placed on the

MidiMACS™ Separator and rinsed with 3 ml of isolation buffer each. After 10 minutes,

1/4 of the cell suspension was pipetted onto each LS column. The flow-through, rep-

resenting the enriched T-cells, was collected into four 50 ml Falcon® and each column

was washed with 3 ml of buffer. The flow through from the wash was combined with

the enriched T-cells and the 4 Falcon® tubes were pooled into one. All the procedures

were performed in a Class 2 BSC under sterile conditions. A 200 μl sample was taken

from the final T-cell solution for a cell count using the NucleoCounter® NC-3000™

(ChemoMetec A/S©, Denmark) using Via 1-Cassette™ (ChemoMetec A/S©, Denmark)

71



containing arcridine orange and DAPI stains.

2.2.3 Primary T-cell cryopreservation

Following the LS Columns isolation and cell counting, the suspension containing the en-

riched T-cells was spinned down for 5 minutes at 350 xg, the supernatant was discarded,

and the cells re-suspended in an adequate volume of CryoStor® CS10 (STEMCELL

Technologies Ltd., UK) in order to have 107 cells ml-1. 1 ml of the T-cells solution was

then pipetted into multiple 1.2 ml Corning® cryovials under sterile conditions inside a

BSC. The closed vials were appropriately labelled, put into a CoolCell™ LX Freexing

Container, and placed in the freezer at -80°C. After 1 day in the freezer, the vials were

moved inside a box in the liquid nitrogen tank for long term storage.

2.2.4 Primary T-cell pre-expansion

Primary T-cells were pre-expanded for 7 days prior to inoculation in the different ex-

pansion platforms. One vial containing 107 T-cells was thawed at need in a 37°C water

bath. Its content was pipetted into a 15 ml Falcon® containing 5 ml of cRPMI medium

and centrifuged at 350 xg for 5 minutes. The supernatant was aspirated and the cell

pellet was re-suspended in 10 ml of cRPMI medium supplemented with 30 IU ml-1 of

IL-2 (Miltenyi Biotech Ltd., UK). The cells suspension was moved to a Nunc® T-75

culture flask and Dynabeads® in a 1:1 cells to beads ratio were added to it for T-cell
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activation. The Dynabeads® were washed in 2 ml of 1 x PBS solution and re-suspended

in 1 ml of cRPMI before adding them to the cell suspension. The flask was then placed

at 37°C and 5% CO2 in a humidified incubator. After 2 days the T-cells were transferred

into a Nunc® T-175 non-treated flask and 30 ml of cRPMI medium supplemented with

1200 IU of IL-2 (in order to have a final concentration of 30 IU ml-1 of IL-2 in 40 ml).

cRPMI 1640 medium was then added to the cells every 1-2 days in order to maintain

the cell density in the range of 0.5-1.5 x 106 ml-1. At day 7 the cells were re-activated

and seeded in the wanted platforms (T-flask, spinner-flask (BellCo, USA), ambr® 250

bioreactor (Sartoirus Stedim Biotech, UK), and ambr® 15 bioreactor (Sartorius Stedim

Biotech, UK)). In order to seed the 1 L UniVessel® (Sartorius Stedim Biotech, Ger-

many) two vials containing 107 cells of primary T-cells were thawed and pre-expanded

using the same procedure described above. This was due to the larger number of cells

needed (200 x 106) for the inoculation of the 1 L UniVessel®.

2.3 Human primary CAR-T cells

Engineered CAR-T cells were used for experiments, when specified. The isolation,

freezing, thawing, and activation procedures were carried out in the same way as for

primary T-cells (Sections 2.2.1, 2.2.2, 2.2.3, and 2.2.4). One day after thawing and acti-

vation T-cells were transduced using lentiviral vectors produced in house using human

embryonic kidney (HEK)293T cells.
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2.3.1 Lentivirus production for CAR-T cell transduction

HEK293T cells were cultured in 20 cm round culture dishes (Thermo Fisher Scien-

tific, UK), using Dulbecco’s Modified Eagle Medium (DMEM; Gibco™, Thermo Fisher

Scientifc, UK) supplemented with 10% (v/v) FBS. The dishes containing HEK293T

were placed in a humidified incubator at 37°C and 5% CO2 until 70% confluent. The

medium was then changed to DMEM Advanced (Gibco™, Thermo Fisher Scientifc,

UK) serum free medium. The cells were then transfected with packaging plasmids

pMD2.G, pCMV-dR8.74 (Addgene plasmids #12259 and #2203; Addgene, Teddington,

UK), and CD19-specific CAR plasmid (gifted by Martin Pule) using GeneJuice® trans-

fection reagent (Merck Millipore Limited, UK). The CD19-specific CAR used in this

work comprised an FMC63 scFv, a CD8 alpha stalk with a 41BB-CD3ζ endodomain,

and it was transcriptionally lined to RQR8 containing the CD34 epitope (Philip et al.,

2014).

The first lentivirus harvest was performed 48 hours after transfection. The medium

was gently collected from each round culture dish using a 25 ml serological pipette,

paying attention not to detach the HEK293T from the surface of the dish, and pooled

into a 1 L sterile bottle and stored in the fridge at 4°C overnight. The medium in each

dish was immediately replaced with fresh DMEM Advanced medium and a second

lentivirus harvest was performed 72 hours after transfection (24 hours after the first

harvest). The lentivirus collected from the two harvest points was combined into the
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same 1 L flask and filtered by using a 0.45 μm filter (Sigma-Aldrich Company Ltd,

UK). The lentivirus was aliquoted into 30 ml aliquotes and stored at -80°C until use.

2.3.1.1 Primary T-Cell transduction

On the day when primary T-cells were thawed a non-treated 6 well plate (Corning®,

France) was coated with 1 ml of RetroNectin® (Takara, Japan) solution per well con-

taining 20 μg ml-1 RetroNectin® in 1 x PBS. The plate was stored at 4°C overnight.

Each well was consequently washed with sterile 1 x PBS and 0.5 ml of cell solution

containing 1.5 x 106 activated T-cells in cRPMI was pipetted into each well. Each well

was topped up with 4 ml of lentiviral vector and IL-2 was added in order to have 100 IU

ml–1 IL-2 as a final concentration in each well. The plate was then placed into a cen-

trifuge and spinnoculated for 40 minutes at 32°C at 1000 xg. After the spinnoculation

the well plate containing the cells was put into a cell culture incubator at 37°C and 5%

CO2.

The transduced CAR-T cells were removed from RetroNectin® 24 hours after spinnoc-

ulation by vigorously pipetting with a P1000 mechanical pipette and transferred into

a 50 ml Falcon® tube. The cells were centrifuged at 350 xg for 5 minutes and the

supernatant was discarded. The CAR-T cells were re-suspended in fresh cRPMI sup-

plemented with 30 IU ml–1 of IL-2 and transferred into a Nunc™ T-175 non-treated cell

culture flask. The cells were then expanded as previously described for primary T-cells

(Section 2.2.4). All the steps were performed in a Class 2 BSC under sterile conditions.
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2.4 Expansion of T-cells in different expansion platforms

Jurkat E6.1 cells were seeded into different expansion platforms (T-flask and ambr® 250

bioreactor) once they were expanded to the wanted number.

Primary T-cells were re-activated with Dynabeads® and seeded into different expan-

sion platforms (T-flask, spinner-flask, ambr® 250 bioreactor, ambr® 15 bioreactor, and 1

l UniVessel® bioreactor) as detailed in the sections below, after the 7 day pre-expansion.

Transduced CAR-T cells were reactivated with Dynabeads® and seeded into differ-

ent expansion platforms (T-flask and ambr® 250 bioreactor) as detailed in the sections

below, after trasduction and 7 days pre-expansion.

2.4.1 Nunc™ T-175 non-treated flask culture

Nunc™ T-175 non-treated flasks were used as a static control. The T-flasks containing

the cell suspension were placed into a cell culture humidified incubator at 37°C and 5%

CO2. 1 ml daily samples were taken for cell counting and metabolite analysis. All the

steps (sampling and medium additions) were carried out in a Class 2 BSC under sterile

conditions.

2.4.1.1 Jurkat E6.1

After expansion Jurkat E6.1 were seeded in the T-175 flask at 0.1 cells ml–1 in 20 ml of

cRPMI medium. Medium was added to each flask on day 3 (20 ml), 4 (10 ml), and 5
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(10 ml).

2.4.1.2 Primary T-cells and CAR-T cells

Primary T-cells (transduced or non transduced) were seeded in a T-175 flask at 0.5 cells

ml-1 in 20 ml of cRPMI medium supplemented with 30 IU ml-1 IL-2 after 7 days of

pre-expansion. T-cells were re-activated using 1:1 cell to Dynabeads® ratio. The feed-

ing strategy used was the same as for Jurkat E6.1 cells described in Section 2.4.1.1.

Immunophenotype analysis was performed via flow cytometry on the day of the inocu-

lation and 7 days after, at harvest.

2.4.2 Spinner-flask culture

A glass spinner-flask, with a vessel height and diameter of 135 mm and 60 mm respec-

tively, was fitted with a magnetic horizontal stirrer bar (40 mm length) and a vertical

paddle (50 mm diameter) was used for all the spinner-flask experiments. The horizontal

magnetic stir bar was set 5 mm above the bottom of the spinner-flask. The spinner-flasks

were autoclaved and inocluation was performed in a Class 2 BSC. The spinner-flasks

were placed on a BellEnnium™ Compact 5-position magnetic stirrer platform (BellCo,

USA) in a humidified incubator at 37°C and 5% CO2 and set to agitate at 35 rpm.
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2.4.2.1 Primary T-cells

After 7 days pre-expansion period, primary T-cells were seeded at 0.5 cells ml–1 in 50

ml of cRPMI medium supplemented with 30 IU ml–1 IL-2. T-cell were reactivated by

using Dynabeads® in a 1:1 beads to cells ratio. Following inoculation, a cap on the

spinner flask arm was loosened to allow gas exchange. Medium was added on day 3

and 4, 10 and 40 ml respectively, after which the maximum working volume of 100

ml was reached. cRPMI medium was supplemented with IL-2 in order to have a final

concentration of 30 IU ml –1 in the medium at every medium addition. 1 ml samples

were taken every day for cell counting and metabolite analysis. Flow cytometry analysis

was performed on day 0 and at the end point of the experiment (7 days after inoculation).

2.4.3 ambr® 250 stirred-tank bioreactor culture

An ambr® 250 high throughput two bioreactors test system (Sartorius Stedim Biotech,

UK) was used to culture T-cells (Figure 2.2).
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Figure 2.2: ambr® 250 stirred-tank two bioreactors test system used for the experiments. The
bioreactor was placed into a BSC in order to allow opening the bioreactors for sample tanking
and medium addition under sterile conditions.

Two types of single use bioreactors vessels, each of diameter T = 60 mm, were

used. One vessel type, developed primarily for free suspension animal cell cultures,

was equipped with two 3-segment, 30° pitched blade impellers (D = 26 mm) and four

vertical baffles (width 6.25 mm). The other vessel type, developed for microcarrier cul-

ture of adherent cell types, was equipped with a single larger 3-segment, 45°C pitched

blade impeller (D = 30 mm) and it was unbaffled (Figure 2.3). In both cases, the im-

pellers pumped downwards and key culture parameters including pH, dO2, temperature,

and the headspace gas flow were measured continuously and monitored throughout the

experiment.
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Figure 2.3: ambr® 250 stirred-tank baffled (top) and unbaffled (bottom) vessels. The baffled
vessel has two 3-segment, 30° pitched blade impellers and four vertical baffles. The unbaffled
vessel has a single 3-segment, 45° pitched blade impeller and no baffles. T = diameter of the
vessel (60 mm), D = diameter of the impeller, C = impeller height from the bottom, and W =
baffle width.

Oxygen in the ambr® 250 was provided for cultivation by headspace aeration with

the headspace flow regulated to 14.25 ml min-1 of N2, with 21% O2 and with an ad-

ditional flow of CO2 of 0.75 ml min-1. These conditions were set to replicate the 5%

CO2 condition inside the incubator where the static controls were placed (T-175 flasks).

After medium exchange on day 5, dO2 was controlled at 60% by gas blending with

oxygen.

80 ml of cRPMI medium was put into each vessel and and left to condition for at

least 6 hours, after which a 2 ml sample was taken in order to measure the pH off-line.

The measured pH value was then inserted into the software for each vessel individually.
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After inoculation, 1 ml sample was taken from each vessel daily in order to perform cell

counts and metabolite analysis. 1 ml medium samples were taken after each medium

addition or exchange in order to run the metabolite analysis.

2.4.3.1 Jurkat E6.1

Jurkat E6.1 cells were seeded in the ambr® 250 unbaffled vessel at 0.1 cell ml-1 in 100 ml

of cRPMI medium. 100 ml of cRPMI medium waw added on day 3 after inoculation, 50

ml was added on day 4, reaching the maximum volume (250 ml) inside the bioreactor

vessels. On day 5 the impeller was stopped and the cells were left to sediment for 6

hours, after which 100 ml of medium was removed and replaced with fresh cRPMI.

2.4.3.2 Primary T-cells and CAR-T cells

One week after thawing a vial of 10 x 106 T-cells and their pre-expansion and trans-

duction (in case of CAR-T cells), the cells were seeded into an ambr® 250 vessel at

0.5x106 cells ml-1 in 100 ml of cRPMI medium supplemented with 30 IU ml-1 IL-2.

The cells were reactivated using 1:1 Dynabeads® to cell ratio. The same feeding strat-

egy was used as for Jurkat E6.1 cells described in Section 2.4.3.1. The medium used

for primary T-cells and CAR-T cells was supplemented with enough IL-2 in order to

have a final concentration of 30 IU ml-1 in the medium after each medium addition or

exchange. In the first set of experiments (Chapter 3) the medium exchange was per-

formed via sedimentation. The impeller was stopped for 6 hours, after which 100 ml of
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medium was removed and replaced with fresh cRPMI medium supplemented with the

appropriate amount of IL-2. In the following chapters the medium exchange was per-

formed via centrifugation. 100 ml of cell suspension was removed without stopping the

impeller. The cells were centrifuged at 350 xg for 10 minutes, re-suspended in 100 ml

of fresh cRPMI medium supplemented with IL-2 and pipetted back into the bioreactor

vessel. When specified, a pH control between 7.1-7.2 and a dO2 control were set on day

0 and throughout the whole experiment duration. The upper pH limit was controlled

via CO2 addition via headspace aeration, while the lower limit was controlled with a

7.5% (w/v) sodium bicarbonate (Sigma-Aldrich Company Ltd., UK) in distilled water

(Gibco™, Thermo Fisher Scientific, UK). The dO2 was set at 50% and it was controlled

by changing the oxygen and nitrogen inflow into the headspace aeration mix.

2.4.4 ambr® 15 stirred-tank bioreactor culture

An ambr® 15 high throughput, automated biroeactor systems (Sartorius Stedim Biotech,

UK) with 12 independent vessels in each of the two culture stations and with a liquid

handler was used for these studies (Figure 2.4).
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Figure 2.4: An ambr® 15 high-throughput stirred-tank bioreactor with two culture station and
a liquid handler used in the experiments. The 6 flexible positions can accommodate the sample
rack or other wells appositely designed for the system.

24 overlay vessels (no sparging) with a working volume of 10-15 ml and single-

use pH and dO2 sensors positioned at the bottom of the vessels were used for each

experiment, 12 per each culture station. The vessels had a single pitched blade impeller

(D = 11.2 mm) (Figure 2.5).
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Figure 2.5: An ambr® 15 stirred-tank bioreactor vessel with an overlay gassing tube and a single
impeller. Single use pH and dO2 sensors are placed on the bottom of the vessel.

All the experiments were conducted in down-pumping mode and pH, temperature,

dO2 and headspace gas flow were measured and controlled throughout the experiments.

The N2 was set at 0.100 ml min-1 and the other gasses (CO2 and O2) were consequently

regulated by the software in order to achieve the wanted dO2 in each vessel. When

the dO2 was not controlled, the CO2 was set to 5% and the O2 to 21% of the total gas

flow. pH upper limit was set at 7.2 and the lower limit at 7.1 for all the experiments.

The upper limit was controlled by CO2 inflow into the headspace, while the lower limit

was controlled by 7.5% (w/v) sodium bicarbonate solution in distilled water, added to

each vessel at need by the liquid handler. At the beginning of the runs 9 ml of cRPMI

medium was put into each vessel using the automated liquid handler. The medium was
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left to condition overnight and 3 ml from each vessel was collected by the liquid handler

for pH sampling the following morning. The medium pH was measured off-line with

and external pH probe and the value was inserted into the software for each vessel.

2.4.4.1 Primary T-cells

One run was performed using the ambr® 15 system with 24 bioreactors. The ambr® 15

bioreactor was placed into a Class 2 BSC in order to keep the culture sterile throughout

the experiment. The target seeding density was of 0.5x106 viable cells ml-1 in a total

volume of 12 ml cRPMI medium supplemented with 30 IU ml-1 in each vessel. The

daily sampling was performed using the liquid handler. 600 μl samples were taken from

each vessel and placed into a different 1.5 ml Eppendorf tube® 3810X (Eppendorf, UK)

previously placed on the sample rack and loaded onto the bioreactor hardware. Each 1.5

ml tube was mapped on the ambr software and uniquely assigned to a different vessel.

60-80 μl from each sample was used to determine the cell count and the viability, while

the rest was used for metabolite analysis. 100% and 25% dilutions with fresh cRPMI

medium containing the wanted amount of IL-2 in order to have a final concentration

of 30 IU ml-1 were performed on day 3 and day 4 respectively, while a 40% medium

exchange was carried out on day 5 in order to mimic the feeding regime in the ambr®

250 bioreactor. The dilutions were all performed by the liquid handler and a sample was

taken before and after each medium addition/exchange.
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2.4.5 1 L UniVessel® stirred-tank bioreactor culture

A 1 L UniVessel® Glass bioreactor (Sartorius Stedim Biotech, Germany), controlled

through a DCU control tower (Sartorius Stedim Biotech, Germany) was used for scale-

up studies (Figure 2.6).

Figure 2.6: The 1 L UniVessel® glass bioreactor set-up. The base and the medium addition
bottles were connected to the bioreactor through the base and the harvesting pump respectively.

The internal vessel diameter was T = 110 mm and the internal height was 180 mm.

The vessel had a single 3-segment 30° pitched blade impeller (D=48 mm) and it was

operated in down-pumping mode. The pH was measured throughout the experiment

with the Easyferm K8 Plus/160 (Hamilton, USA) pH sensor. A calibration of the pH

probe was performed at pH 4 and 7 prior to autoclaving the system before each run. The

dO2 was measured using a VisiFerm mA 160 H3 dO2 optical sensor (Hamilton, USA).
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The probe was calibrated before each run (with pure N2 at 0% and with air at 100%

dO2). The total flow rate was set at 200 ml min-1 and the control tower was connected

to air, O2, CO2 and N2. The temperature was measured using the Pt100 probe with

thermowell (Sartorius Stedim Biotech, Germany). The inflow gasses were controlled

by the control tower in order to keep the dO2 at the set point of 50%. The pH control

was set between 7.1-7.2 and it was controlled by base addition (7.5% (w/v) sodium

bicarbonate solution; lower limit) and CO2 addition via gas blending (upper limit).

The 1 L vessel was connected to a 125 ml glass bottle (BellCo, USA) containing

80 ml of base and to a 500 ml glass bottle (BellCo, USA) for inoculation and medium

addition or exchange. All connections were made using 3.2 mm Fisherbrand™ silicone

pump tubing (Fisher Scientific, UK). Additionally, the sparger and headspace gas lines

were connected to two different Midisart 2000 filters (Sartorius Stedim Biotech, Ger-

many). The filters were covered using aluminium foil and the bioreactor and the bottles

attached were autoclaved at 121°C. The bioreactor was then left to cool down overnight.

Prior to inoculation, the base tube (connecting the 125 ml glass bottle to the bioreactor)

was inserted into the base pump on the control tower, while the 500 ml medium bottle

was inserted into the harvesting pump of the DCU tower.

2.4.5.1 Primary T-cells

In the runs performed with the 1 L UniVessel® the pH was controlled between 7.1 and

7.2 and dO2 was set at 50% from inoculation to harvest. The impeller speed was set at
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200 rpm in down-pumping mode. 400 ml of cell suspension with a target density of 0.5

x 106 viable cells ml-1 was pipetted into the 500 ml glass bottle and pumped into the

bioreactor using the harvesting pump. The medium was supplemented with 30 IU ml-1

of IL-2. The daily sampling (1-2 ml) was performed through a single-use sampling port

with needle-free septum (Sartorius Stedim Biotech, Germany) using a Luer-lok™ 50 ml

syringe (Becton Dickinson, USA). 200 ml of the sample was used for the determination

of the cell number and viability, while the rest was used for metabolite analysis.

The feeding strategy was kept proportional to the initial ambr® 250 and ambr® 15

runs. 400 ml of cRPMI medium were added on day 3 (100% dilution) and 200 ml (25%

dilution) on day 4. Both medium additions were performed using the 500 ml glass bottle

and the harvesting pump on the control tower. The medium was supplemented with IL-

2 in order to have a final concentration of 30 IU ml-1 in the total volume inside the

vessel after each addition. A 400 ml (40% of the total volume) medium exchange was

performed on day 5. The medium was removed from the bioreactor via the harvesting

pump and pumped into the 500 ml medium glass bottle. The bottle was then moved

into a BSC (the tubing was long enough to enable this without disconnecting it form the

bioreactor) and the cell suspension was put into eight 50 ml Falcon® tubes under sterile

conditions. The tubes were then centrifuged at 350 xg for 10 minutes, the supernatant

was discarded and the cells were re-suspended in 400 ml of fresh cRPMI containing

30000 IU ml-2, pipetted into the sterile medium bottle and pumped back into the 1 L
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vessel.

Flow cytometry analysis to determine the immunophenotype of the primary T-cells

was performed on day 0 and day 7 (at harvest).

2.5 Calculation of the power input

The power input was calculated for each bioreactor at different speeds and filling vol-

umes using the following equation:

P = PoρN
3D5, (2.1)

where P [W] is the power input, Po is the power number [dimensionless], ρ [kg m-3] is

the density of the medium (here assumed to have the same physical properties as water),

N [rev s-1] is the impeller speed and D [m] is the impeller diameter.

2.6 Analytical techniques

Different analytical methods were used during the T-cell expansion in various platforms.

Cell density and viability was assessed daily using the NucleoCounter® NC-3000™.

Samples for medium analysis were taken on a daily basis and analysed using the Cu-

BiAn HT270 Bioanalyser (Optocell GmbH & Co., KG, Germany). Flow cytometry to

assess the T-cell immunophenotype and CAR expression of the T-cells was performed
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on the day of the bioreactor inoculation and at harvest in the different expansion plat-

forms used. Furthermore, potency assays (cyototxicity assay and cytometric bead array

assay) were performed at the end of experiments when CAR-T cells were used.

2.6.1 Determination of cell density and viability

Cell counts and viability were determined using a NucleoCounter NC-3000 automated

mammalian counter in combination with a Via-1 Cassette™ containing acridine orange

and DAPI. A sample of at least 200 μl was taken daily form each expansion platform and

put into a 1.5 Eppendorf tube®. The sample was then analysed using the NucleoCounter

NC-3000 within the next 5 minutes. The Via-1 Cassette™ tip was immersed in the cell

suspension and the sample was withdrawn by aspiration. Once the sample was loaded,

the cassette was placed inside the NC-3000 and the analysis was started. The staining

with acridine orange and DAPI was performed automatically by the NC-3000. The cell

density and viability were displayed on the software and recorded for each sample.

2.6.2 Medium analysis and specific consumption rate

0.5-1 ml samples of spent medium were taken aseptically from each expansion platform

for medium analysis on a daily basis and placed into 1.5 ml Eppendorf tubes® appropri-

ately labelled. When medium addition or exchange were performed, the samples were

taken before and after fresh medium was added. The medium samples were then placed
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in a freezer at -20°C and stored for up to one month. Prior to analysis with the Cu-

BiAn HT270 the samples were thawed at room temperature and mixed thoroughly with

a P1000 mechanical pipette. The analysis of lactate [mmol l-1] and glucose [mmol l-1]

were performed for all the samples. When specified, ammonia [mmol l-1] and glutamine

[mmol l-1] concentrations in the medium were measured as well.

Once the metabolite data and viable cell number were collected, specific growth rate,

doubling time, fold increase, and specific metabolite consumption rate were determined.

Specific growth rate

μ=
(ln(Cx(t)

Cx(0)
))

Δt
, (2.2)

where μ = specific growth rate [h–1], Cx(t) = the cell number at the end of the exponential

growth phase, Cx(0) = cell number at the start of the exponential growth phase, and Δt

= duration of the exponential phase [h].

Doubling time

td =
ln2

μ
, (2.3)

where td = doubling time [h].

Fold expansion

FE =
Final viable cell number

Initial viable cell number
(2.4)
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Specific consumption rate

qmet =
μ

Cx(0)
x
Cmet(t) –Cmet(0)

eμt – 1
, (2.5)

where qmet = specific consumption rate, Cmet(t) = metabolite concentration at the start of

the exponential growth phase [mmol], Cmet(0) = metabolite concentration at the end of

the exponential growth phase [mmol], and t = time [hr].

Lactate yield from glucose

Ylac

Glc
=
Δ[Lac]

Δ[Glc]
, (2.6)

where YLac
Glc = lactate yield form glucose, Δ[Lac] = lactate production over a specific

time period, and Δ[Glc] = glucose consumption over the same time period.

2.6.3 Flow cytometry

Immunophenotypic analysis of human primary T-cells was performed by flow cytome-

try after 7 days pre-expansion in T-Flask and at the end of the bioreactor culture, 7 days

after inoculation. This was performed using BD LSRFortessa X-20 flow cytometer (BD

Biosciences, UK) with five different lasers with excitation at 355, 405, 488, 561, and

640 nm.
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2.6.3.1 Primary T-Cells

The T-cells, both pre-expansion and post harvest (day 7), were stained with the antibod-

ies listed in Table 2.1 (BD Bioscience, UK).

The cell samples were washed twice with 1 x PBS and re-suspended in an antibody

cocktail pre-prepared by adding each antibody to 50 μl of Brilliant Stain Buffer (BD

Biosciences, UK) as per manufacturer’s instructions. Cells were incubated with the

antibodies at 4°C for 30 minutes. The cells were then washed with stain buffer (BD

Biosciences, UK), supernatant was removed and the cells were fixed using a 1 x PBS

solution containing 4% (v/v) paraformaldehyde (PFA; Sigma-Aldrich Company Ltd,

UK).

Table 2.1: Antibodies used for flow cytometry staining. The name, clone, volume per test [μl],
reactivity, and brand are listed for each antibody. All the antibodies were purchased from BD
Biosciences, UK.

Name Clone Volume per
test [μl]

Reactivity

BUV395 Mouse
Anti-Human CD3

SP34-2 5 Human CD3

FITC Mouse Anti-Human
CD4

RPA-T4 20 Human CD4

BUV737 Mouse
Anti-Human CD8

SK1 5 Human CD8

BV421 Mouse
Anti-Human CD197

(CCR7)

150503 5 Human CCR7

PE-Cy™7 Mouse
Anti-Human CD45RO

UCHL1 5 Human CD45RO

After 15 minutes at 4°C, two final washes were performed using the stain buffer and
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the tubes were kept in the fridge, wrapped in aluminum foil for no longer than 2 days,

until flow cytometry analysis was performed. Staining specificity was confirmed using

fluorescence minus one (FMO) controls for CCR7 and CD45RO for each sample. A

minimum of 50,000 events were recorded for each sample and the data were analyzed

using FlowJo™ computer software (BD Biosciences, UK). An example of the gating

strategy is shown in Figure 2.7.
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Figure 2.7: Gating strategy for immunophenotype analysis. (a) Single cells gating. (b) CD3
positive cells gating. (c) CD4 and CD8 positive T-cells. (d) CD8 positive T-cell subpopulations
gated based on FMO controls. (e) FMO CD45RO control. (f) FMO CCR7 control.
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2.6.3.2 CAR-T cells

In the experiments where CAR-T cells were used, the antibody panel used was the

same as for the primary T-cells in order to determine the phenotypic composition of

the cells (Table 2.1). Furthermore, another panel composed by: CD3-BUV396, CD4-

FITC, CD8-BUV373 (BD Biosciences) and CD34-PE (Thermo Fisher Scientific, UK)

was used to determine the CAR expression. Staining specificity was determined using

FMO controls for CD34 for each sample. The samples were then prepared, acquired

and analysed as described above (Section 2.6.3.1).

2.6.4 Cytotoxicity assay

2.6.4.1 Isolation of CAR-T Cells

Successfully transduced T-cells expressing the RQR8-FMC63-CAR were isolated at the

end of the dynamic or static culture using the CD34 MicroBeads Kit (Miltenyi Biotech

Ltd, UK) and LS columns (Miltenyi Biotech Ltd, UK) following the manufacturer’s

instructions. At the end of the isolation, the cells were re-suspended in cRPMI 1640

medium (without any IL-2) and kept in a humidified incubator at 37°C for 48 hours.

2.6.4.2 Plating cytotoxicity assay

Isolated CAR-T cells were then seeded at 1:1 effector:target (E:T) ratio, where Nalm6

cells, a B cell line expressing CD19 was used as the target. 5 x 104 Nalm6 target cells
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were seeded per well in a 96 well plate (Thermo Fisher Scientific, UK) with the same

number of CAR-T cells, in a total volume of 100 μl. Non transduced T-cells from the

same donor were plated in co-culture with Nalm6 at a 1:1 E:T ratio as a negative con-

trol. CAR-mediated cytotoxicty was assessed 24 hours after seeding via flow cytometry

analysis.

2.6.4.3 Flow cytometry

The cells were transferred into a V-shaped 96 well plate (Thermo Fisher Scientific, UK)

and washed twice with 1 x PBS solution. 100 μl of stain buffer solution containing 6.25

μl of CD3-BUV395 ml-1 was added to each well and the cells were incubated in the

fridge at 4°C for 30 minutes. The samples were then washed twice with stain buffer and

re-suspended in 200 μl of 0.1% solution of SYTOX™ red dead cell stain (Thermo Fisher

Scientific, UK) in stain buffer. The cells were then moved from the 96 V-shaped bottom

well plate to mini FACS tubes (Corning®, France) and 25 μl of CountBright™ Absolute

Counting Beads (Thermo Fisher Scientific, UK) was added to each mini FACS tube.

The samples were then acquired on the BD LSRFortessa X20 flow cytometer.

2.6.4.4 Analysis of the cytotoxic ability of CAR-T cells

The samples were analysed using FlowJo™ computer software. Nalm6 were separated

from T-cells based on the CD3+ staining on the control sample (Nalm6 cells co-cultured

with non transduced T-cells). The live cells were then gated based on the SYTOX™ red
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dead cell stain (Figure 2.8).

Figure 2.8: An example of the gating strategy used for the cytotoxic assay. a) The separation of
Nalm6 cells from CD3+ T-cells. b) The separation of dead and live target cells (Nalm6) based
on the SYTOX™ Red dead cell stain.

The percentage of remaining target (Nalm6) viable cell was calculated. Total num-

ber of viable cells

Total numberof viable cells =
NVTCE

NBE
xNBin 25μl2 (2.7)

Remaining target viable cells

Remaining targetviable cells =
Total numberof viable cells (CART)

Total numberof viable cells (NT)
x100, (2.8)

where NVTCE = number of viable target cell events, NBE = number of bead events,
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and NB = number of beads.

2.6.5 Cytometric Bead Array (CBA) assay

The same plating procedure was followed as described for the cytotoxicity assay (Sec-

tion 2.6.4), using isolated CAR-T cells and plating them at a 1:1 E:T ratio in a 96 well

plate, using 5 x 104 Nalm6 cells per well. After 24 hours the plates were centrifuged at

200 xg in order to make the cells sediment and 70 μl of supernatant was removed and

placed in a new V-shaped 96 well plate and placed in a -80°C freezer until the CBA

human Th1/Th2/Th17 imunoassay (BD Biosciences, UK) was performed as per manu-

facturer’s instructions. This assay allowed to detect the concentration [pg ml-1] of the

following cytokines in supernatant: IL-2, IL-4, IL-6, IL-10, TNF, INF-γ, and IL-17A.

Firstly, the human standards Th1/Th2/Th17 were prepared by reconstituting the

lyophilised samples in 2 ml of assay diluent (both contained in the kit). The dilutions

prepared were 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, and 1:256 together with a negative

control. 10 μl of each Capture Beads (IL-2, IL-4, IL-6, IL-10, TNF, INF-γ, IL-17A) was

then added to each sample (including the standards). Once the samples were ready to

be analysed, they were placed in a clear round bottom 96 well plate (Corning®, France)

and run on the BS FACSVerse™ cytometer (BD Bioscences, UK) and the data were

analysed using BD FACSuite™ computer software (BD Bioscences, UK).
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2.7 Statistical analysis

Data analysis was performed using GraphPad Prism 7 software (GraphPad, USA). Re-

sults are represented as mean ± standard deviation (SD). A one-way analysis of variance

(ANOVA) test was used and values were considered statistically significant when prob-

ability (P) values were equal or below 0.05(*), 0.01(**), 0.001(***), or 0.0001(****).
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Chapter 3

Demonstrating T-cells expansion

in a stirred-tank bioreactor

3.1 Introduction

Static platforms (T-flasks, G-Rex and permeable bags) and rocking motion bioreactors

are commonly used in the manufacturing of CAR-T cell therapies (Vormittag et al.,

2018; Marsh et al., 2017b). Although T-cells are suspension cells, they are considered

to be shear sensitive (van den Bos et al., 2014). This explains why little work has been

done in stirred-tank bioreactors thus far (Klarer et al., 2018; Bohnenkamp et al., 2002;

Carswell et al., 2000; Ou et al., 2019).

The purpose of this result chapter is to investigate the growth of T-cells in stirred-
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tank bioreactors, given their proven scalability, extensive engineering and biological

characterisation, and process monitoring and control capabilities which make them per-

fect candidates for large scale production (Q. A. Rafiq et al., 2016b). The bioreactor

used in this study was the ambr® 250 bioreactor, a fully automated culture platform

that enables the simultaneous operation of up to 24 bioreactors in parallel, each with

a working volume range between 100-250 ml. This platform is suitable as a scale-

down model for high-throughput screening and optimisation of culture parameters and

reagents. Furthermore, it is a good candidate for the manufacturing of autologous CGTs,

with its potential to scale-out and run more processes in parallel.

Preliminary results were gathered using Jurkat E6.1 cell line, an immortalised T-

cell line originally obtained from the peripheral blood of a boy with T-cell leukemia

(Abraham et al., 2004). The unbaffled vessel for the ambr® 250 bioreactor, developed

for cells grown on microcarriers was used. Once proven that Jurkat E6.1 cells can

be successfully grown in a stirred environment, primary human T-cells were used for

further studies. First, the growth of these cells was investigated in a spinner-flask and

later in the ambr® 250 stirred-tank bioreactor. Moreover, a comparison between two

types of commercially available ambr® 250 vessels was carried out. The baffled vessel,

commonly used for CHO culture (P. Xu et al., 2017) and unbaffled vessel, developed

for adherent cells grown on microcarriers were compared in order to identify the best

one for the expansion of T-cells.
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3.2 Jurkat E6.1 in a stirred-tank bioreactor

The Jurkat E6.1 cell line has been used as a model for the growth of primary T-cells

(Montano, 2014). In this chapter Jurkat E6.1 were used to gather preliminary results on

the growth and viability of T-cells in a stirred environment. Static (T-flask) and dynamic

environment (ambr® 250 stirred-tank bioreactor) were compared in terms of viable cells

per millilitre, cell viability, fold expansion (Figure 3.1), specific growth rate, doubling

time (Figure 3.2), pH and dO2 profiles (Figure 3.4), and metabolite flux (Figure 3.5).

3.2.1 Jurkat E6.1 growth kinetics in a stirred environment

Figure 3.1a shows the number of viable cells per millilitre in the T-175 flask and in the

ambr® 250 at 100 rpm in an unbaffled vessel (developed for cells grown with micro-

carriers). The chosen stirring speed was the lowest at which the bioreactor could be

operated (100 rpm), due to the concern of sheer stress damage to T-cells (van den Bos

et al., 2014). The culture on day 0 was started with 100 ml in the bioreactor and 20 ml

in the T-flask, with a seeding density of 0.1 x 106 live cells ml-1. Medium was added

on day 3 (100 ml in the ambr® 250 and 20 ml in the T-flask) and day 4 (50 ml in the

ambr® 250 and 10 ml in the T-flask) in order to keep the cell density below 1 x 106 cells

ml-1. Once the volume in the vessel reached the maximum (250 ml), a 100 ml medium

exchange was performed on day 5 in the ambr® 250 in order to provide fresh nutrients

to the cells. 10 ml of cRPMI medium was added to the T-flasks on day 5. From day 5
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onward, a 60% dO2 control was set via gas blending.

The Jurkat E6.1 cells grew similarly in the two platforms with a final cell density of

3.89 ± 0.18 x 106 live cells ml-1 and 3.76 ± 0.08 x 106 live cells ml-1 in the ambr® 250

and T-175 flask respectively. The viability was slightly higher in the stirred-tank biore-

actor compared to the static control (Figure 3.1b). However, the viability was above

95% at all times, showing that no damage was caused by the dynamic environment in

the stirred-tank bioreactor. The drop in viability from day 6 to day 7 after seeding was

likely due to a high density of cells in the medium and a lack of nutrients (discussed

later). The fold expansion (Figure 3.1c), calculated using Equation (2.4), was 112.90 ±

2.55 in the T-flask (static control) and 97.25 ± 4.60 in the ambr® 250 bioreactor.

104



Figure 3.1: Growth of Jurkat E6.1 cell line over 7 days in T-175 flask and in an ambr® 250
bioreactor in the unbaffled vessel. The black arrows indicate medium addition or exchange on
day 3, 4, and 5. 60% dO2 control was started on day 5 after medium exchange. a) Viable cells
ml-1 in 175 T-flasks (red; n=3) and ambr® bioreactor at 100 rpm (blue; n=2). The volumes at the
bottom show the working volume on different days. Data shown as mean ± SD. b) Viability [%]
over the 7 days of culture in the static (T-flask) and dynamic environment. c) The fold expansion
[final number of cells/initial number of cells] for both expansion platforms. A one way ANOVA
test was used and values were considered statistically significant when probability (P) values
were equal or below 0.05(*), 0.01(**), 0.001(***), or 0.0001 (****).
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The medium addition on day 5 in the flask increased the volume in the expansion

platform (while no medium addition was performed in the ambr® 250) explains why

there was a difference between the two vessels, although the viable cell concentrations

were almost identical. A 20 ml medium exchange in the flasks would have made the

dilutions between the two systems equal. However, since a dilution for the flask was

performed on day 5 in the first experiment, the same feeding regime was kept for further

experiments.

Nevertheless, the specific growth rate [h-1] and the doubling time [h] were calculated

for both platforms from day 2 to day 7 (Figure 3.2a,b). The linear regression for ln(cell

number) versus time was performed and R2 > 0.9 from day 2 to day 7, indicating the

cells were in their exponential growth phase.

Figure 3.2: Growth kinetic parameters for Jurkat E6.1 cells grown in T-flask (static control;
n=3) and ambr® 250 bioreactor at 100 rpm (n=2) for 7 days. The specific growth rate [h-1]
(a) and doubling time [h] (b) were calculated between day 2 at 7 when the cells were in their
exponential phase of growth. Data shown as mean ± SD.
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The specific growth rate was 14.82 ± 0.40 h-1 in the T-flask and 15.21 ± 1.02 h-1 in

the ambr® 250 bioreactor. Doubling times were 26.96 ± 0.73 h and 26.31 ± 1.75 h in

the T-flask and ambr® 250 respectively. Both values were very similar between the two

platforms tested, indicating that the stirred environment did not have an impact on the

growth kinetics of Jurkat E6.1 cells.

3.2.2 Cell sedimentation for medium exchange

In order to perform the medium exchange on day 5 in the ambr® 250 bioreactor, the

impeller was stopped and the Jurkat cells were let to sediment. A 1 ml sample was

taken each hour with a 5 ml steripipette paying attention not to mix the cell suspension,

to assess the sedimentation rate of the cells (Figure 3.3).

Figure 3.3: Cells ml-1 in the ambr® 250 bioreactor after stopping the impeller. The sampling
was performed every hour until the sedimentation of the cells slowed down. Data shown as mean
± SD, n = 2.
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The sample was taken always at the same vessel height, approximately ∼ 3.5 cm

below the medium surface (being that the amount of medium that would have been

removed with the medium exchange). 6 hours after stopping the impeller, the sedimen-

tation rate slowed down (3.62 ± 0.97 x 105 cells ml-1 compared to 3.91 ± 0.73 x 105

cells ml-1 an hour earlier). The medium exchange was performed after 6 hours by re-

moving 100 ml of cell suspension (approximately 4 x 106 total cells of 412 x 106 total

cells in the bioreactor) and replacing it with 100 ml of fresh cRPMI. Once the impeller

was re-started and a sample post medium exchange was taken, the number of cells re-

sulted higher compared to 6 hours earlier (1.65 ± 0.18 x 106 before medium exchange

and 1.88 ± 0.14 x 106 after medium exchange). Consequently, the proliferation in the

6 hours, while the impeller was stopped, was higher than the number of cells removed

with the medium exchange.

The alternative to the medium exchange would have been to remove 100 ml of cell

suspension, centrifuge it, re-suspend the cell pellet in fresh medium, and re-add it to the

bioreactor. However, having in mind a fully automated process that could be carried

out by the robotic arm alone, the sedimentation strategy for the medium exchange was

preferred. Stopping the impeller, removing 100 ml of cell suspension, and replacing

them with 100 ml of fresh medium can be all programmed via the ambr® software and

executed by the robotic arm without the need of any human interaction with the system.
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3.2.3 The impact of dissolved oxygen concentration and pH on Ju-

rkat E6.1 growth

dO2 and pH were monitored throughout the duration of the 7 days expansion in the

bioreactor with the ambr® software (Figure 3.4). The spikes observed in the dO2 profile

are due to the feeding of the system, which required to open the cap of the bioreactor,

while the dip was due to the stopping of the impeller on day 5. After the 100 ml medium

exchange the dO2 control was set at 60% until the end of the run. The kLa appeared to

match the oxygen demand for the first 3 days resulting in a stable dO2 at approximately

85%, until 100 ml of cRPMI medium were added. From day 3 to day 5 the dO2 dropped

form ∼ 85% to ∼ 40% (Figure 3.4a). The higher rate of fall in the dO2 profile after

day 3 was due to a lower rate of oxygen mass transfer from the headspace, due to the

increased volume in the bioreactor and the increasing cell density, which led to a higher

oxygen demand that could not be met. A 60% dO2 control was therefore set on day 5 in

order to compensate for the lower mass transfer and provide enough O2 to the cells.
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Figure 3.4: Dissolved oxygen percentage (a) and pH (b) readings in the ambr® 250 bioreactor
during the culture of Jurkat E6.1 cells.

The pH profile (Figure 3.4b) correlates with the viable cell concentration and with

the production and accumulation of lactate in the medium. The spikes in the pH profile

are due to the medium additions (day 3 and 4) and medium exchange (day 5). The pH

dropped from ∼ 7.3 on day 0 to ∼ 6.4 on day 3. After medium addition the pH reading

went up to ∼ 7.6 and lowered to ∼ 7 on day 5 and 7. Notably, there was a plateau in the

pH during the last day of bioreactor culture, which might indicate a slow down in the

proliferation of the Jurkat E6.1 cells and a limited lactate production, as discussed later.
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3.2.4 Metabolite analysis

The levels of glucose and lactate in the medium were measured off-line on a daily basis

using the CuBiAn HT270 bio-analyser for the static and dynamic conditions (Figure

3.5). The glucose concentration (Figure 3.5a) in the fresh cRPMI medium was ∼ 10

mmol l-1 at day 0. The level of glucose in the medium dropped according to the cell

growth and it was replenished on days 3, 4, and 5 with medium addition or exchange, as

previously indicated. The level of glucose on day 6 was low both in the ambr® 250 and

T-flask (1.63 ± 0.06 mmol l-1 and 0.54 ± 0.03 mmol l-1 respectively). Jurkat E6.1 cells

ran out of glucose between day 6 and 7 as the reading on day 7 was 0 mmol l-1 in both

platforms. The lack of glucose in the medium could potentially limit their proliferation.

There were no significant differences in glucose concentration between the static and

dynamic conditions up to day 5 (Figure 3.5a), when the level of glucose was slightly

higher in the ambr® 250 due to the medium exchange. Both platforms run out of glucose

between day 6 and 7. A feeding strategy based on the concentration of glucose could

be applied in order to boost the cell proliferation. Supplying fresh medium containing

glucose on day 6 would avoid the cells to suffer from glucose deprivation and slow down

their growth.

The lactate production reflected the cell growth (Figure 3.5b). Higher the cell den-

sity, higher the lactate production and accumulation in the medium. The drops in the

lactate concentration were due to medium addition or exchange on day 3, 4, and 5. From

111



day 6 to day 7 the amount of lactate produced was very limited, which relates to the lack

of glucose in the medium and to the plateau in the pH profile. The lactate concentration

did not show any major differences between the static and dynamic conditions up to day

4. Despite these slight differences from day 4 onward, the lactate concentration was

almost the same on day 7, 15.13 ± 0.07 mmol l-1 in the ambr® 250 and 15.10 ± 0.09

mmol l-1 in the static control (T-175 flask). It has been shown that lactate levels over 20

mmol l-1 can inhibit the growth of primary T-cells, due to the lowering of the pH (Fisher,

2007). However, in this study none of the conditions reached this limit, suggesting that

the lactate levels should not inhibit Jurkat growth.

Figure 3.5: Metabolites concentrations for the ambr® 250 and the T-175 flask as static con-
trol. Data shown mean ± SD, n=2 for the ambr® 250 and n=3 for the T-flask. (a) Glucose
concentration [mmol l-1]. (b) Lactate concentration [mmol l-1].
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The medium exchange in the ambr® 250 bioreactor increased the glucose concen-

tration to 5.40 ± 0.01 mmol l-1 compared to the T-flask after medium addition on day

5 (4.11 ± 0.15 mmol l-1). Jurkat E6.1 in the T-flask were likely to run out of glucose

earlier than the one cultured in the ambr® 250 bioreactor. The glucose deprivation could

further limit their growth. To have more comparability between the two systems, a 20

ml medium exchange should have been performed in the T-flask as well. Furthermore,

the level of lactate in the medium did not reach the level of T-cell growth inhibition (20

mmol l-1) (Figure 3.5b), therefore the lower proliferation between day 6 and 7 (Figure

3.1), reflected by a plateau in the pH (Figure 3.4a), was most likely due to a lack of

glucose.

The specific consumption rate for glucose and lactate were calculated for the T-flask

and ambr® 250 bioreactor (Figure 3.6a,b).
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Figure 3.6: Specific consumption and production rates [picomol cell-1 day-1] for glucose and
lactate. Data shown as mean ± SD, n=3 for T-flask and n=2 for ambr® 250. (a) Glucose specific
consumption rate in the culture medium in the static and dynamic condition. (b) Lactate specific
production rate in the culture medium for both conditions. (c) Yields of lactate from glucose
for the T-flasks and ambr® 250 vessels. Reference line at 2 is the maximum theoretical yield of
lactate from glucose.

The consumption rates were calculated from day 2 to day 7 when the growth of

the cells was considered to be in the exponential phase. Glucose consumption rate was

1.52 ± 0.15 pmol cell-1 day-1 in the T-flask (static control) and 1.69 ± 0.01 pmol cell-1

day-1 in the ambr® 250 bioreactor (Figure 3.6a). The rate of glucose consumption was

comparable (P > 0.05) in the two system, suggesting that the stirred environment had

114



no impact on the glucose metabolism of Jurkat cells. The lactate production rate was

2.67 ± 0.08 pmol cell-1 day-1 in the T-flask and 2.94 ± 0.05 pmol cell-1 day-1 in the

ambr® 250 bioreactor (Figure 3.6b). Once again, no significant difference (P > 0.05)

was seen in the lactate production rate between the two culture platforms.

The lactate yield from glucose was 1.76 ± 0.11 for the T-flask and 1.74 ± 0.04 for

the ambr® 250 bioreactor (Figure 3.6c). Both values were lower than the maximum

theoretical yield of lactate from glucose of 2 mol mol-1, suggesting that the cells could

be consuming glucose via aerobic glycolisis rather than using the oxidative phospho-

rylation (OXPHOS) pathway (Vander Haiden 2009, Glacken 1988). When glucose is

being metabolised via aerobic glycolysis, 1 mol of glucose results in 2 mol of ATP and

2 mol of lactate (Warburg, 1956). Aerobic glycolysis, which consists in the oxidation of

glucose through glycolisis even when sufficient oxygen is present, has been identified

as a trademark of tumour cells (Hanahan and Weinberg, 2011).

These findings are in line with the previously discussed results (similar growth and

viable cell concentration in the two platforms), indicating that the stirred environment

did not have an impact on Jurkat E6.1 growth kinetics and did not alter the glucose and

lactate metabolisms of the cells.
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3.3 Primary human T-cells in a stirred environment

After the successful results obtained with the Jurkat E6.1 cell line, the focus was moved

on to primary human T-cells in a stirred environment (spinner-flask and ambr® 250).

The first run with primary T-cells was performed in a spinner flask. After that an ambr®

250 bioreactor was used and two commercially available vessels, the baffled (used for

CHO cells) and unbaffled one (developed for hMSCs grown on microcarriers) were

compared in terms of rpm and power per unit volume. Primary T-cells were isolated

from PBMCs and pre-expanded in T-flask placed into a humidified incubator in order

to have enough cells for the inoculation 7 days from thawing. The first experiment with

primary T-cells was performed in a glass spinner-flask. 0.5 x 106 cells ml-1 were needed

for each bioreactor in 100 ml of cRPMI supplemented with 30 IU ml-1 of IL-2. Two

vessels could be run in parallel on the ambr® 250 system. The growth (Figure 3.8), pH,

dO2 (Figure 3.11), and metabolite flux (Figure 3.12), were monitored over the 7 days of

culture.

3.3.1 Primary T-cell growth kinetics in a spinner-flask

Spinner-flasks are commonly used as a small scale model for larger stirred-tank biore-

actors. Although they are uncontrolled in terms of pH and dO2, they are used as the first

step for culturing new cell types in a dynamic environment (Hewitt et al., 2011; Q. A.

Rafiq et al., 2013b). Therefore, an experiment in a spinner flask was conducted first in
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order to gather preliminary data (Figure 3.7). The human primary T-cells cultured in

the spinner-flask at 35 rpm did not show any significant growth, resulting in a final cell

number of 0.18 x 106 viable cells ml-1 after 7 days.

Figure 3.7: Viable cells ml-1 in the T-flask (n=3) and in a spinner-flask (n=1) at 35 rpm over 7
days. The black arrows indicate the medium addition for both systems on day 3 (20 ml in the
T-175 flask and 10 ml in the spinner-flask) and day 4 (10 ml in the T-175 flask and 40 ml in
the spinner-flask), while the last arrow on day 5 indicates a medium addition for the T-175 flask
only. Data for the T-175 flask are shown as mean ± SD.

Due to the poor growth, the feeding regime was adapted in order not to dilute the

cells too much, which could have had a negative impact on their proliferation. How-

ever, the T-cell proliferation was poor even in the first three days when the cells were

not diluted at all, proving that the main cause for such low growth was not due to the

concentration after dilution. These preliminary results could support the contention that

T-cells are very ‘shear sensitive’.

However, careful observation of the impeller, showed that most of the magnetic

Dynabeads® were attached to it. The Dynabeads®, used for cell activation, have a
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magnetic core, as does the bar connected to the impeller paddle in the spinner-flask,

enabling the impeller paddle to be driven by a rotating magnet at the base. It would

seem that because the Dynabeads® were magnetically attached to the impeller spinner

bar, the Dynabeads® were not well mixed in the culture vessel and did non interact

effectively with the T-cells, which would be dispersed throughout the medium, leading

to poor activation, and consequently, poor proliferation.

3.3.2 Primary T-cell growth kinetics in a stirred-tank bioreactor

The growth kinetics in the two ambr® 250 vessels (baffled and unbaffled), the static

condition in the ambr® 250 unbaffled vessel, and the static condition (T-flask) are shown

in Figure 3.8.

The first vessel tested was the baffled vessel with two impellers at 100 rpm (Run 1),

which has been widely utilised for ambr® 250 Chinese Hamster Ovary (CHO) suspen-

sion culture (Xu et al., 2017). During the first 3 days of culture when the volume in

the vessel was 100 ml, only the lower impeller was submerged in the culture medium;

after the 100 ml medium addition on day 3, both impellers were submerged. These

conditions resulted in a final cell density 0.91 ± 0.07 x 106 viable cells ml-1 which was

significantly lower than the 2.38 ± 0.25 x 106 viable cells ml-1 obtained for the static

T-flask control.

Due to the poor performance and general belief that the region near the baffles in
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baffled bioreactors is one of high shear which is not present if baffles are not installed,

it was decided to investigate the use of the single-impeller, unbaffled ambr® 250 vessel

configuration at the lowest speed (Run 2; Figure 3.8). This condition led to a higher

final cell density of 3.62 ± 0.23 x 106 viable cells-1 compared to the static control and

Run 1. The improvement from Run 1 to Run 2 might be attributed to the change in the

fluid dynamic between the two vessels. However, there were two differences between

the fluid dynamic regimes in Run 1 and Run 2. Not only have the baffles been removed

in Run 2, in addition, because the impeller diameter and power number were greater, so

was the specific power input (P/M), which defines the small-scale turbulence structure

generally considered to impart the stress on cells in stirred bioreactors (Nienow, 1998).

The specific power input, once the filling volume reached 250 ml on day 4, increased

from 3.1 x 10-4 W kg-1 in Run 1 to 9.3 x 10-4 W kg-1 in Run 2 (Figure 3.9a).

In order to explore all the possibilities, a single run under static conditions (0 rpm)

was conducted in the ambr® 250 unbaffled vessel (Static; Figure 3.8). The impeller was

set at 200 rpm 5 minutes before taking the sample and stopped right after the sampling

was performed. This Static run yielded a final cell density of 1.73 x 106 viable cells ml-1,

which was higher compared to the final cell density in Run 1 (0.91 ± 0.07 x 106 viable

cells ml-1). It can be noted how the performance in the initial stages of the expansion

(up to day 3) was comparable to Run 2 and T-flasks, suggesting that the stirring at 100

rpm in the unbaffled vessel did not improve the T-cell growth in the initial stages of the
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culture.

Figure 3.8: Viable cells ml-1 in the T-flask, baffled and unbaffled vessels in an ambr® at different
speeds (n=3) and under static conditions (0 rpm; n=1). Data shown as mean ± SD. The black
arrows indicate a medium addition (day 3 and 4) and exchange (day 5). 60% dO2 control was
introduced after medium addition on day 5.

Due to the considerations that increased P/M led to a better performance, the follow-

ing run (Run 3), was carried out using a higher speed in the baffled two-impeller vessel

(the same vessel used in Run 1), in order to match the specific power input obtained in

Run 2 (9.3 x 10-4 W kg-1) at 100 rpm. This meant operating the two-impellers baffled

vessel at 180 rpm for the initial stages of the culture when the filling volume was 100

ml and only one of the two impellers was submerged. The speed was then reduced to

145 rpm when the volume was increased to 200 ml (day 3) and both impellers were

submerged. The same speed was kept after the volume was increased to 250 ml on day

4. Culture under these conditions resulted in a final cell density of 3.34 ± 0.37 x 106

viable cells ml-1 (Figure 3.8), which was comparable with the cell density obtained with

the single-impeller, unbaffled vessel in Run 2, both of which were higher than the final
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cell density obtained in the static T-flask control. These results suggested that the baffles

were not the reason for the poor performance in Run 1 (two-impeller, baffled vessel at

100 rpm).

Given the increase in final cell density achieved with the higher agitation speed in

Run 3 compared with Run 1, it was decided to increase the impeller agitation speed

further to 200 rpm in the single-impeller unbaffled vessel (Run 4). This configuration

resulted in a P/M of 74 x 10-4 W kg-1 (Figure 3.9a) which yielded the highest cell density

of 4.65 ± 0.24 x 106 viable cells ml-1 at harvest.

The growth kinetics are further illustrated in Figure 3.9b, where the fold expan-

sion for all the conditions investigated is shown. Run 1 (two-impeller, baffled vessel at

100 rpm) resulted in a significantly lower (P < 0.0005) fold expansion at the harvest

point (4.58 ± 0.33) compared with all the other expansion platform tested. Both Run 2

(single-impeller, unbaffled vessel at 100 rpm) and Run 3 (two-impeller, baffled vessel at

180/145 rpm) resulted in a higher fold expansion of 18.1 ± 1.2 and 17.1 ± 1.7, respec-

tively in comparison with the T-flask control. Given the highest final cell density was

achieved in Run 4 (single-impeller unbaffled vessel at 200 rpm), this condition showed

the greatest fold expansion of 23.2 ± 1.3, which was significantly larger (P < 0.001)

than that of the T-flask static control which yielded a fold expansion of 15.2 ± 3.1.
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Figure 3.9: Growth kinetics of primary human T-cells in different expansion platforms. A one
way ANOVA test was performed. Statistical significance is shown when probability (P) values
were equal or below 0.05 (*), 0.01(**), 0.001(***), or 0.0001 (****). (a) Final viable cell
density (cells ml-1) at day 7 plotted against the specific power input (W kg-1 x 10-4) for each
condition. Data shown as mean ± SD. (b) Fold expansion (total number of viable cells at day
7/total number of viable cells at seeding) in all the different conditions. Data shown as mean ±
SD. (c) Fold expansion for each donor (HD7, HD8, and HD12) in each expansion platform. (d)
Fold expansion for each donor (HD7, HD8, and HD12) in the ambr® 250 bioreactors normalised
with the fold expansion for the same donor in T-175 flasks. The reference dotted line at 1 shows
the equivalence in fold expansion between the static control (T-175 flask) and the condition
tested.
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To assess the inter-donor reproducibility, each donor was analyzed separately (Fig-

ure 3.9c) and normalized to its own T-175 flask fold expansion (Figure 3.9d). All the

conditions, except the baffled vessel at 100 rpm (0.39 ± 0.03), performed better than

the T-Flask (reference line at normalized fold expansion = 1), as illustrated in Figure

3.9d. This analysis also demonstrated a high reproducibility between the 3 donors in

all the systems tested, with the higher coefficient of variation (%CV) being 10.25%

in the T-175 flask, suggesting that the automated ambr® 250 system could reduce the

donor-to-donor variability.

Specific growth rate and doubling time were calculated for all the conditions (Fig-

ure 3.10). Both parameters were calculated between day 2 and 7 when the T-cells were

growing exponentially (the linear regression for ln(cell number) versus time was per-

formed and R2 > 0.9). This was true for all the conditions (static and dynamic) excep-

tion made for Run 1. In this case the cells never reached the exponential phase (ln(cell

number) plotted versus time always resulted in an R2 < 0.9). Therefore, no conclusions

could be drawn for that particular condition and this explains the large error bars for

Run 1.
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Figure 3.10: Growth kinetics parameters for human primary T-cells grown in T-flask (n=3) and
ambr® 250 bioreactor (n=3). Both parameters were calculated between day 2 and day 7 when
the cells were in the exponential phase of growth. Data shown as mean ± SD. A one way
ANOVA test was performed. Statistical significance is shown when probability (P) values were
equal or below 0.05 (*), 0.01(**), 0.001(***), or 0.0001(****). (a) Specific growth rate [h-1].
(b) Doubling time [h].

The specific growth rate was comparable (P > 0.05) between the T-flask (static

control) and Runs 2-4 (Figure 3.10a). However, the growth rate in the static control

(10.03 ± 0.02 h-1) was slightly lower compared to the conditions in the ambr® 250

bioreactor. Figure 3.10b shows the doubling time of the primary T-cells. The doubling

time for the T-flask (39.82 ± 0.10 h) was slightly higher compared to Run 2 (33.89

± 3.19 h), Run 3 (25.55 ± 8.02 h), and Run 4 (37.74 ± 3.78 h), showing a faster

proliferation in the ambr® 250 bioreactors than in the static control, justifying the higher

124



cell concentration at harvest (day 7).

3.3.3 pH and dissolved oxygen concentrations

The pH and dO2 were monitored throughout the duration of the 7 day expansion with

the ambr® software (Figure 3.11). The spikes observed in the dO2 profiles are due to the

feeding of the system, which required the opening of the cap of the bioreactor (which

was housed in a biological safety cabinet). For all runs, the impeller was stopped on day

5 for 6 hours, in order to let the cells sediment and allow a 100 ml medium exchange,

after which a dO2 control as 60% was started. The feeding protocol was kept the same

as for the Jurkat E6.1 cells in order to be able to compare the two sets of experiments

without inducing new variables in the process.
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Figure 3.11: Representative dissolved oxygen (dO2; left hand side) and pH (right hand side)
trends under different agitation and fill conditions in the two ambr® 250 vessels over 7 days. In
all runs, dO2 control at 60% was introduced at Day 5 after the impeller was stopped for 6 hr
(dO2 at 0%) to let the cells sediment and perform a 100 ml medium exchange. (a) Run 1 – in
the baffled vessel at 100 rpm. (b) Run 2—in the unbaffled vessel at 100 rpm. (c) Run 3—in the
baffled vessel at 180/145 rpm (the speed was changed on Day 3). (d) Run 4—in the unbaffled
vessel at 200 rpm.
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The two-impeller baffled vessel at 100 rpm (Run 1) displayed a rapid lowering of the

dO2 (from 80% to 60%) when compared with other runs (Figure 3.11a). This drop was

probably due to a very low kLa at such a low agitation intensity. The dO2 then increased

to ∼ 75% on day 2, perhaps because of cell death during the adaptation period so that

the oxygen demand of the cells could be met, and then remained stable up to day 5

since cell numbers hardly increased. Agitation was then stopped and dO2 fell to zero.

Upon restarting, it was controlled at 60% by gas blending. This last sequence occurred

in every run.

The starting dO2 in Runs 2-4 was ∼ 85% and it remained stable for the first 3 days

with the agitation intensity leading to a kLa seemingly matching the oxygen demand of

the cells. After more medium was added and steady cell growth from day 3 to day 5, the

oxygen demand of the cells could no longer be met and a drop occurred to dO2 ∼ 40%

in Run 2 (Figure 3.11b), to 20% in Run 3 (Figure 3.11c), and to 50% in Run 4 (Figure

3.11d).

The pH profile (Figure 3.11) correlates with the viable cell concentration and with

the lactate production and accumulation as discussed below. The spikes in the pH mea-

surments are due to medium addition and exchange (day 3, 4, and 5).

The pH readings in Run 1 (two-impeller baffled vessel at 100 rpm) showed higher

readings compared with the other conditions, due to the lower number of viable cells

in the system and a consequent lower lactate production (discussed below). Runs 2 and
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4 (single impeller unbaffled vessel conditions at 100 and 200 rpm, respectively; Figure

3.11c,d right hand side) showed minimal differences in terms of pH profile, with the

lowest point being ∼ 6.5 on day 3 and 5. Finally, the slope of the pH profile in the last

hours of the cell culture for Run 3 (two-impeller baffled vessel at 180/145 rpm; Figure

3.11c) and Run 4 (unbaffled vessel at 200 rpm; Figure 3.11d) may indicate that the cell

expansion slowed down during this period.

3.3.4 The interaction between agitation, Dynabeads, and cell growth

As discussed previously (Section 3.3.1), primary human T-cells in the spinner flask did

not grow as expected, due to the Dynabeads® being attached to the impeller and not

interacting with the cells. A poor result compared with the static T-flask control and

ambr® static control (0 rpm) was also found in Run 1 (two-impeller, baffled vessel

at 100 rpm). Due to the prevailing concerns regarding agitation speed and potential

for fluid dynamic stresses on T-cells, the lowest possible agitation speed the system

could accommodate was used (100 rpm). After this first run, it would have been easy to

conclude that T-cells prefer to be grown in static conditions and are very sensitive to fluid

dynamic stress which were preventing growth. By persevering using the newer, larger

diameter single-impeller in the unbaffled vessel (Run 2), a higher level of cell growth

was obtained compared with both Run 1 and the static controls both in T-flask and in

the ambr®. Run 3 in the baffled vessel and Run 4 in the unbaffled vessel, both at speeds
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higher than those used initially in the respective vessels, led to improved performance

as shown in Figure 3.8.

The fact that these increases in speed led to an improved performance in Run 3

compared with Run 1 and ambr® 250 Static condition, and in Run 4 compared with Run

2, strongly suggests that the problems contributing to poor growth in Run 1 was due to

some phenomenon other than fluid dynamic stress. One possibility is that at 100 rpm

in Run 1, the Dynabeads® were not interacting with the cells due to poor suspension,

resulting in inadequate T-cell activation. A key reason for this hypothesis is the poor

performance in the spinner flask where the magnetic core of the beads was causing them

to attach to the magnetic spinner rather than be fully suspended in the culture medium.

This hypothesis was further reinforced by the Static run in the ambr® 250 vessel and

by the T-flask performance, where neither cells nor Dynabeads® were suspended and

they were in contact even without motion. However, when the Dynabeads® were not

suspended and cells were (Run 1), contact was very poor.

In addition, though the Dynabeads® are very small (a few microns in size) they

are rather dense (SG ∼ 1.4), much denser than microcarriers (SG < ∼ 1.1). It is

well established that the increase in speed required to just completely suspend parti-

cles (commonly designated as NJS) of greater density is much higher than that required

to accommodate particles of larger sizes (A. Nienow, 1968; Zwietering, 1958). The

Dynabeads® are about ∼ 4.5 μm in diameter. Thus, the relatively high density and the
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small size of the beads (which makes observation of suspension difficult) both suggest

that at the lower agitation speed, the particles were not well suspended. This expla-

nation for the poor performance in Run 1 (two-impeller, baffled vessel at 100 rpm) is

further reinforced by the improved performance with increased impeller speed for the

two-impeller, baffled vessel in Run 3 (180/145 rpm) and again for the unbaffled vessel

between Run 2 (100 rpm) and Run 4 (200 rpm). Using multiple, identical donor mate-

rial and consistent culture parameters with the exception of agitation speed, a substantial

increase in the final cell density with increasing agitation was observed.

3.3.5 Agitation intensity and cell growth

The presence of the magnetic field in the spinner-flask and the magnetic core of the

Dynabeads® clearly explains the attachment of the beads to the spinner stirrer bar. This

attachment also was the reason for poor culture performance in the spinner flask and it

was not related in any way to the fluid dynamic environment present.

To make a comparison of, and explain the difference in the culture performance in

the two configurations of the stirred ambr® 250 bioreactor vessels (baffled and unbaf-

fled), where the only difference between the various runs was the fluid dynamic environ-

ment, it is helpful to compare the specific power input which is numerically equivalent

to the mean specific energy dissipation rate. The power input is given by Equation 2.1.

The specific power is then P/M [W kg-1] where M [kg] is the mass of medium in the

130



bioreactor (A. Nienow, 1998) which in each run varies with the time as described in

Table 3.1.

Table 3.1: Different conditions tested in the ambr® bioreactors, each indicating the working
volumes, number of impellers submerged by the medium and correspondent speed and specific
power input at different times throughout the experiments.

Run 1 Run 2 Run 3 Run 4
Vessel Type Baffled Unbaffled Baffled Unbaffled
Starting Volume Day 1-3 100 ml
Impeller agitation speed
(rpm) x 10-4 W kg-1 from
Day 1 to 3

100/3.8 100/23 180/22 200/184

Number of impellers sub-
merged in the culture medium
Day 1-3

1 1 1 1

Working Volume Day 3-4 200 ml
Impeller agitation speed
(rpm) x 10-4 W kg-1 from
Day 3 to 4

100/3.8 100/12 145/12 200/92

Number of impellers sub-
merged in the culture medium
Day 3-4

2 1 2 1

Working Volume Day 4-7 250 ml
Impeller agitation speed
(rpm) x 10-4 W kg-1 from
Day 4 to 7

100/3.1 100/9.3 145/9.3 200/74

Number of impellers sub-
merged in the culture medium
Day 4-7

2 1 2 1

In Run 1 (two-impeller baffled vessel at 100 rpm), P/M was very low, much lower

than would normally be found in free suspension culture (Alvin W Nienow, 2006a).

However, since the dO2 did not drop below ∼ 60%, the fact that the cells hardly grew

could not be attributed to inadequate mass transfer. At the higher speed in Run 3 (two-
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impeller baffled vessel operating at 180/145 rpm), initially P/M = 2.2 x 10-3 W kg-1,

which was still low for free suspension culture, but within the range used. In Run 3, the

cells grew relatively well, which certainly did not suggest that the problem at the lower

speed (Run 1) was due to fluid dynamic stresses damaging cells.

After day 4, when the volume was increased to 250 ml, the specific power decreased

and the rate of decrease of dO2 significantly increased to reach a value of ∼ 20% at day

5, going back to 60% when dO2 control was set (Figure 3.11c). The higher rate of fall in

the dO2 profile was due to the lower rate of O2 mass transfer from the headspace and the

increasing cell density at the latter stage of culture leading to a higher oxygen demand.

Comparing Runs 2 and 3, the P/M value tracks extremely closely between both runs,

as indeed was the intention. As can be seen, in that case, all measured parameters in the

majority of cases were remarkably similar. In both cases, the culture performance was

superior to that obtained in the static T-flask control.

In Run 4, the P/M value (74 x 10-4 W kg-1) was typical of that found in commercial

processes across many scales in free suspension culture (Nienow, Scott et al., 2013) and

the cell growth was the highest by a considerable margin. There was no indication of

’shear sensitivity’. To assess the likelihood of fluid dynamic stress damaging cells, the

usual approach was to compare the size of the cell to that of the Kolmogorov scale of

turbulence, λK:

132



λK = (εT max/υ
3)-1/4, (3.1)

where εT max [W kg-1] is the maximum specific energy dissipation rate close to the

impeller and υ [m2 s-1] is the kinematic viscosity. If λK > size of the cell, it should not be

damaged. The precise value of the maximum to the mean specific energy dissipation rate

(=P/M) has proved difficult to measure (Gabriele et al., 2009), but based on literature,

a reasonable but high value to assess the likelihood of damage can be assumed. Thus,

assuming that εT max is 50 times the mean specific energy dissipation rate (=P/M) for the

geometry question (Alvin W Nienow et al., 2016), then λK = 32 μm � size of T-cell.

Thus, damage would not be expected based on this analysis of the impact of turbulence

on cells.

This discussion strengthens further the earlier suggestion that the reason for the

poor performance at the lowest P/M, Run 1 (3.1 x 10-4 W kg-1), was due to the inability

of the agitation to suspend the Dynabeads®. At the higher P/M investigated, Run 4

(74 x 10-4 W kg-1), it was shown that the Kolmogrov scale was greater than the size

of the T-cells. It was also seen that the higher P/M, the better the performance. It

is worth nothing in this instance, it was not a lack of oxygen transfer that prevented

the cells growing at the lowest P/M, nor was the dO2 a problem at the higher speed.

Higher speeds increase many mixing parameters, but the current results indicate that it

is better cell-bead contact that gives better performance. This relationship suggests that
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the interaction between Dynabeads® and cell is related to the frequency with which each

is brought into contact with the other. Even though the Reynolds number here (∼ 3,000)

at the highest P/M was less than the value at which the turbulence is fully established,

it has been found that analysis based on the assumption of turbulent flow work well for

hMSCs grown on microcarriers at similar Reynolds numbers (Alvin W Nienow et al.,

2016). Under turbulent flow conditions, the higher the specific energy dissipation rate,

the greater the rate of contact of particles (Davies, 2012; Levich, 1962), so the concept

that higher P/M values led to greater interaction between cells and Dynabeads® and

improved culture seems reasonable. In addition, higher agitation intensity above the

minimum required for suspension, NNJ, leads to a more homogeneous distribution of

particles throughout the medium (A. Nienow, 1997), thus further improving the contact

between Dynabeads® and cells.

Computational Fluid Dynamic (CFD) simulation studies have been widely used to

determine the flow patterns and local liquid velocities in stirred tank bioreactors. This

has been performed for the ambr® 250 unbaffled vessel bioreactor as a single-phase

(liquid only) simulation (Rotondi et al., 2021). However, for the work presented in

this thesis, the suspensions of Dynabeads® in the ambr® 250 vessel, would need to be

considered as a two-phase simulation, adding a layer of complexity to the simulation.

Although the average size of the Dynabeads® is known, the density of the Dynabeads®

is unknown and changes throughout the volume of the beads, from a high density mag-
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netic core, to a less dense polymeric coating. This makes it hard to have a good ap-

proximation of the overall density of the magnetic beads, which plays a determinant

role in the CFD simulation. Small changes in particle density can have a big impact on

the outcome of the model. This adds additional complexity when trying to estimate the

minimum impeller speed required for Dynabeads® suspension. Furthermore, the exper-

imental validation of the CFD model would require advanced techniques (e.g. electrical

resistance tomography) due to the small size of the Dynabeads®. Nonetheless, a single-

phase CDF modelling could help to identify if there are parts in the bioreactor that are

not homogeneously mixed at lower speed, which could potentially have an impact on

the cell to beads interaction.

3.3.6 Metabolite concentrations

The levels of glucose, lactate, and ammonia were measured off-line on a daily basis

(Figure 3.12). The glucose concentration (Figure 3.12a) reflected the trends previously

described in terms of cell growth. The condition which resulted in the lowest final

cell density (Run 1) had the highest amount of glucose remaining in the medium sam-

ples, correlating well with the cell growth kinetic data. The condition which resulted in

the highest final cell density (Run 4), resulted in a lower glucose concentration in the

medium when compared with the other conditions analysed.

135



Figure 3.12: Metabolite concentration profiles under the different agitation in the two ambr®

250 vessels over 7 days and in T-175 flasks as a static control. The black arrows indicate a
medium addition/exchange. Data shown as mean ± SD, n=3. (a) Glucose concentration [mmol
l-1] in the culture medium in the different expansion systems. (b) Lactate concentration [mmol
l-1] in the culture medium in all the examined conditions. (c) Ammonia concentration [mmol
l-1] in the culture medium in the different expansion systems.
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The lactate concentration was higher in the best performing condition (Run 4),

which reached the highest cell density. This was evident in the first three days of culture

after which the lactate accumulation was similar to the other conditions. On the other

hand, the worst performing condition in terms of cell growth (Run 1) showed the lowest

accumulation of lactate in the medium (Figure 3.12b). Ammonia production followed

the same trend as lactate production, showing a higher accumulation of ammonia in the

medium for the fastest growing condition (Run 4) especially in the first 3 days of cul-

ture (Figure 3.12c). Run 1 was the condition with the lowest ammonia concentration at

harvest.

The specific consumption or production rates for glucose, lactate, and ammonia

were calculated for T-flask and the different conditions in the bioreactor (Figure 3.13).

It was assumed that the cells were in the exponential phase of growth between day 2

and 7, which was the case for all the conditions except for Run 1. In Run 1 the cells

growth kinetic was hardly exponential, therefore no conclusions could be drawn from

this condition. The specific consumption rate for glucose, showed how cells in the

ambr® 250 bioreactor consumed a larger amount of glucose, although no significant

difference (P > 0.05) was detected. It is known that the consumption of glucose is

higher for activated and faster growing T-cells (Frauwirth et al., 2004). This explains

the higher glucose consumption rate for Run 2 (1.71 ± 0.18 pmol cell-1 day-1), Run 3

(1.91 ± 0.66 pmol cell-1 day -1), and Run 4 (1.15 ± 0.16 pmol cell-1 day-1) compared
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to the T-flask (static control; 0.45 ± 0.10 pmol cell-1 day-1). Similarly, the conditions

with the higher glucose consumption rate, resulted in a higher lactate production rate.

The cells cultured in the static T-flask showed a lower accumulation of glucose (0.68 ±

0.29 pmol cell-1 day-1) compared to Run 2 (3.62 ± 1.25 pmol cell-1 day-1), Run 3 (3.87

± 2.07 pmol cell-1 day-1), and Run 4 (1.81 ± 0.67 pmol cell-1 day-1).

Activated T-cells are known to require an increased source of energy to proliferate,

which was reflected in an increase in the uptake of glucose and production of lactate

(Wahl et al., 2010). Ammonia specific consumption rate mimicked the trend discussed

for lactate accumulation, the cells cultured in the ambr® 250 showed a higher ammonia

production rate compared to the static control, due to their faster proliferation (Figure

3.13d).

Finally, the yield of lactate from glucose is presented in Figure 3.13c. There was no

significant difference in the yield of lactate from glucose in all the conditions analysed

which resulted in values ranging from 1.51 ± 0.39 to 2.09 ± 0.55 (except for Run 1;

3.28 ± 2.07 due to the non exponential growth of the cells), which was close to 2 mol

mol-1, the maximum theoretical yield of lactate from glucose. This result suggests that

there was no impact on the primary T-cells metabolic profile caused by the dynamic

environment.
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Figure 3.13: Specific consumption/production rates [picomol cell-1 day-1] for glucose, lactate
and ammonia were calculate from day 2 to day 7 of culture. Data shown mean ± SD, n=3.
A one way ANOVA test was performed. Statistical significance is shown when probability
(P)values were equal or below 0.05 (*), 0.01(**), 0.001(***), or 0.0001(****). (a) Glucose
specific consumption rate in the culture medium in the different expansion systems. (b) Lactate
specific production rate in the culture medium in all the examined conditions. (c) Ammonia
specific production rate. (c) Yields of lactate from glucose. Reference line at 2 is the maximum
theoretical yield of lactate from glucose.
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3.3.7 The impact of agitated stirred-tank bioreactor culture on cell

quality

Flow cytometric analysis was performed at the beginning and at the end of the ex-

pansion in the bioreactors. The CD8+ subpopulation was then gated for naı̈ve (CCR7+

CD45RO-), central memory (CCR7+ CD45RO+), effector memory (CCR7- CD45RO+),

and terminally differentiated (CCR7- CD45RO-) T- cells, based on FMO controls . The

CD4 to CD8 T-cell ratio was taken as an indicator of the quality of the final product

(Figure 3.14).

Figure 3.14: Phenotypic characterisation of primary T-cells when seeded in the bioreactor (pre-
experiment) and post-harvest in the different agitation and fill conditions in the two ambr® 250
vessels over 7 days and in T175 flasks as a static control. (a) CD4:CD8 ratio in each expansion
vessel. (b) CD4:CD8 ratio for each donor in different vessels individually.
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It can be seen from Figure 3.14 that the ratio of CD4:CD8 was higher at the begin-

ning of the culture (3.89 ± 1.90), while after the culture in the ambr® 250 bioreactor, it

lowered towards the desired 1:1 value for Run 2-4. At the same time, a lower variabil-

ity between the three different donors was shown after the expansion in the ambr® 250

stirred-tank bioreactor vessels compared with the T-flask static control (Figure 3.14),

with the exception of Run 1, where the cells were not properly activated. Each donor

was then plotted individually (Figure 3.14b) in order to assess the donor-to-donor vari-

ability.

All there donors showed a similar CD4:CD8 ratio after pre-expansion. HD7 showed

a similar trend in all the expansion platforms, with the lowest CD4:CD8 ratio being 1.13

in Run 4 and the highest being 2.37 in Run 1. HD8 showed a slightly higher CD4:CD8

compared to HD7, with a ratio of 5.88 in the static control. This trend only occurred for

this particular donor. Finally, for HD12 the highest CD4:CD8 ratio was seen in Run 1

(CD4:CD8 ratio of 5.82). Notably, for all three donors the CD4:CD8 ratio in Run 2, 3

and 4 was lower compared to the pre-expansion one.

Moreover, the CD8+ T lymphocyte subpopulation was analysed in terms of naı̈ve,

central memory, effector memory, and terminally differentiated T-cells. Figure 3.15a

and b show CD8+ T central memory and effector memory subpopulations (the amount

of naı̈ve and terminally differentiated T-cells was lower than 5% in all samples).
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Figure 3.15: Phenotypic characterisation of primary T-cells when seeded in the bioreactor (pre-
experiment) and post-harvest in the different agitation and fill conditions in the two ambr® 250
vessels over 7 days and in T175 flasks as a static control. Data shown mean ± SD. (a) CD8+ T
central memory (CCR7+ CD45RO+) subpopulation percentage of the cells. (b) CD8+ T effector
memory (CCR7- CD45RO+) subpopulation percentage of the cells. (c) The three donors used
(HD7, HD8, HD12) are plotted individually to show the CD8+ T central memory percentage in
each culture vessel. (d) The three donors used (HD7, HD8, HD12) are plotted individually to
show the CD8+ T effector memory percentage in each culture vessel.
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The central memory subpopulation was higher in the pre-experiment sample (62.61

± 10.58%) compared with all the other conditions. On the other hand, the effector

memory cells increased from 35.69 ± 10.98% to ∼ 80% after 7 days expansion in the

different systems. Notably, no significant difference was found in the T-cell subpopu-

lation profiles between the static T-flask control and the various ambr® 250 stirred-tank

bioreactor runs. All the three donors tested show a similar trend in the different expan-

sion platforms in terms of central and effector memory subpopulations (Figure 3.15c,d).

Although it was demonstrated that primary human T-cells from multiple donors can

be grown more effectively in an ambr® 250 stirred-tank bioreactor in comparison with a

static T-flask control, it is necessary to take into account any impact on cell quality. This

was ascertained by assessing cellular immunophenotype. CD4:CD8 T-cell ratio and

CD8+ T-cell subpopulations were further analysed before inoculation and post-harvest

in terms of naı̈ve, central memory, effector memory, and terminally differentiated T-

cells. With respect to the CD4:CD8 T-cell ratio, ideally an equal amount of CD4+ and

CD8+ T-cells would be present in the final composition (Turtle et al., 2016). From the

data obtained, there was a greater level of consistency between replicates with Runs

2-4 in comparison with the static T-flask control. This difference may be indicative

of the benefits of automation and improved process monitoring and control associated

with automated bioreactor platforms as shown previously for human mesenchymal stem

cell/microcarrier cultures in the ambr® 15 microbioreactor system (Q. A. Rafiq et al.,
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2017).

Naı̈ve and central memory T-cells have a higher persistence when re-infused into

the patient (Sommermeyer et al., 2016), therefore, a higher percentage of these cells

and a lower percentage of T-cells in more differentiated stages are desirable in the final

product for immunotherapy applications. Figure 3.15 shows CD8+ T central memory

and effector memory subpopulations. Although the expanded cells appeared to have a

more differentiated phenotype, importantly, this was the case irrespective of the culture

platform used or agitation conditions. The tendency of the cells to differentiate toward

the effector memory phenotype can be explained by the prolonged expansion protocol

(14 days in total including cell pre-expansion before bioreactor inoculation), double

activation (at thawing and before inoculation in the bioreactor and T-flask), and the

use of IL-2 in the medium, which was shown to provoke differentiation if used for

lengthy periods (Crompton et al., 2014; Cha et al., 2010). Using a shorter expansion

protocol (seeding freshly isolated cells in the ambr® 250 bioreactor) and replacing the

IL-2 with different interleukins (IL-7, IL-15, and IL-21), would help to maintain a more

undifferentiated phenotype of the cells (Sabatino et al., 2016; N. Singh et al., 2016).

These data suggest that further optimization of the culture process (both static T-

Flask and stirred-tank bioreactor culture) is required to facilitate the production of the

desired T-cell subset. However, with the potential for high-throughput development

using systems like the ambr® 250 bioreactor, this investigation paves the way for the
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design of experiment approaches to be used to streamline T-cell manufacturing opti-

mization efforts. Importantly, cell differentiation was not impacted by the agitation

regime, presenting a similar phenotype to the static controls, thereby, suggesting that an

agitated culture environment does not impact the cell differentiation, whilst achieving,

in certain conditions, an increased fold expansion.

3.4 Conclusions

The focus of the study was to establish whether human T-cells could be cultured in

stirred-tank bioreactor systems, which have proven scalability and process control ca-

pability (Q. A. Rafiq et al., 2016b). The general belief that T-cells are shear sensitive

(van den Bos et al., 2014) has limited the use of such systems and favoured static ex-

pansion platforms (i.e., T-flasks, permeable bags and G-Rex). In this study, however, it

has been demonstrated that Jurkat E6.1 cell line as well as primary human T-cells not

only can be grown in stirred-tank bioreactors, but that higher impeller agitation speeds

improve proliferation with no adverse impact on the quality of the cells. Jurkat E6.1

cell line was used for initial proof of concept studies, however to better understand the

growth dynamic of human primary T-cells, these cells were isolated from whole blood

or PBMCs for further experiments. This provided a more reliable set of data to build on

for future studies.

Importantly, from the data obtained, there is no indication that T-cells prefer being
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grown under static conditions or are sensitive to fluid dynamic stresses within a stirred-

tank bioreactor system at the agitation speeds investigated (100 - 200 rpm). The im-

munophenotype analysis of the primary T-cells at the end of the bioreactor runs did not

show any differences between the static and dynamic conditions. Furthermore, there

was no evidence of an alteration of the metabolism of the T-cells in the stirred-tank

compared to the T-flask.

Primary T-cells grow better under higher agitation speeds, and in all but one inves-

tigation (Run 1), resulted in a higher final cell density compared to the T-flask static

control where dO2 control could not be used. All the runs in the ambr® 250 under dy-

namic conditions performed better than the ambr® 250 Static run, where the dO2 control

was kept above 60% after day 5 as in all the other conditions. The only condition that

under-performed compared to the Static run in the ambr® was Run 1, where it is be-

lieved that the poor cell-to-bead interaction due to the cells being suspended, but not the

Dynabeads, lead to poor activation and poor T-cell growth.

The different feeding strategy on day 5 needs to be taken into consideration: medium

exchange in the ambr® 250 and medium addition in the T-flask. However, the cell

concentration was considerably higher in Run 4 before the medium exchange was per-

formed, suggesting that the higher cell concentration at harvest was not due to the dif-

ference in the feeding strategy. Furthermore, the 60% dO2 control in the ambr® 250

from day 5 has to be taken into consideration, as it might have favoured the T-cells pro-
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liferation, although the initial study in the ambr® 250 under static conditions suggests

differently.

Currently, the precise mode of action in stirred environments is not well understood

and requires more investigation. But the concept that impeller agitation damages T-

cells preventing their culture in stirred-tank bioreactors is incorrect. Even at the present

agitation intensities, when the beads are suspended, the performance in the stirred-tank

bioreactors is better than in the T-flask. The Static run in the ambr® 250 highlights

the importance of the bead-to-cell interaction and how no agitation is better to poor

agitation if beads are not well suspended with the cells (Run 1). The final product

quality after cultivation is essentially the same, independently of the configuration used.

The higher the agitation intensity used, the better the result. Furthermore, the analysis

of the Kolmogorov microscale suggests that even better results might be obtained with

even higher agitation intensities by enhancing cell-Dynabeads® interactions without cell

damage.
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Chapter 4

Establishing the expansion of

human CAR-T cells in

stirred-tank bioreactors

4.1 Introduction

This chapter investigates the feasibility of expanding CAR-T cells in stirred-tank biore-

actors. Once proven that human primary T-cells can be grown in stirred-tank bioreactors

(Chapter 3) and that the final cell quality was comparable to the T-cells grown under

static conditions, the next step was to culture transduced CAR-T cells under dynamic
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conditions.

CAR-T therapies for clinical trials are mostly manufactured in static vessels or in

rocking motion bioreactors (Vormittag et al., 2018). No study has been reported on

CAR-T cells in stirred-tank bioreactors thus far. In Chapter 3 100 and 200 rpm speeds

were tested using primary non transduced T-cells. The hypothesis behind the better

performance at the higher speed (200 rpm) was that the magnetic beads were better

suspended and therefore the T-cells at this speed were better activated. At a 100 rpm,

when the Dynabeads® were not suspended and the interaction between cells and beads

was lower, the final cell density was also lower.

Building on previous results, where the higher agitation speed led to higher cell

density at harvest, increasing agitation speeds were investigated, up to 500 rpm, corre-

sponding to a specific power input of 1164 x 10-4 W kg-1. When manufacturing CAR-T

therapies, the quality attributes of the cells at the end of the process need to be assessed

in order to determine whether the cells retain their potency or whether CAR shedding

might occur due to shear stress at increased speeds.
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4.2 Stirring speed and Kolmogorov scale in the ambr

250 stirred-tank bioreactor

CAR-T cells were grown in an ambr® 250 stirred-tank bioreactor at 100, 200, 300, 400

and 500 rpm and compared to the static control (T-flask). The 100 and 200 rpm speeds

were the same tested in Chapter 3 for non transduced human primary T-cells. In Chapter

3 it was demonstrated that T-cells are able not only to withstand the hydrodynamic

forces in a stirred-tank bioreactor, but also that they reach a significantly higher (P <

0.05) fold expansion compared to static culture (T-flask). However, given that the results

previously presented suggested that the 200 rpm condition resulted in a higher growth

compared to the 100 rpm agitation speed, it was decided to investigate higher speeds.

The Kolmogorov scale of turbulence (λK) was calculated and used as a criterion to

assess the likelihood of fluid dynamic stress damaging T-cells at different speeds. If

λK > than the cells size, then the cells should not be damaged. λK was calculated for

different speed using equation 3.1. The maximum specific dissipation rate close to the

impeller (εTmax) has proven to be difficult to calculate (Gabriele et al., 2009). However,

based on literature, it was considered to be 50 times the mean specific dissipation rate

(Alvin W Nienow et al., 2016). υ was considered to be the kinematic viscosity of water

at 37°C (0.69 x 10-6 m2 s-1). The λK values calculated for different speeds (100-700

rpm) are shown in Table 4.1. At 500 rpm λK ∼ 16 μm which is slightly larger than the

size of a CAR-T cell, generally considered to be ∼ 12-15μm (data not shown; retrieved
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from the NucleoCounter® 3000). For speeds higher than 500 rpm the λK was considered

to be comparable to the CAR-T cells size and was therefore assumed that at 600 rpm the

T-cells would likely be damaged by the fluid dynamic stresses. Therefore speeds above

500 rpm were not investigated.

Table 4.1: Specific dissipation rates and Kolmogorov scale of turbulence (λK) at different speeds
(100-700 rpm) in the ambr® 250 stirred-tank bioreactor unbaffled vessel.

Speed [rpm] Specific dissipation rate [W kg-1] λK [μm]
100 9.3 ∼ 52
200 74 ∼ 31
300 251 ∼ 23
400 595 ∼ 18
500 1164 ∼ 16
600 2007 ∼ 13
700 3187 ∼ 12

4.3 Investigating the growth kinetics of CAR-T cells at

higher speeds

The viable cell concentration was assessed on a daily basis across the tested conditions

(Figure 4.1a). At the lowest speed (100 rpm, 9.3 x 10-4 W kg-1), a final density of

3.76 ± 0.69 x 106 viable cells ml-1 was obtained. This speed resulted in the lowest

cell density at harvest amongst the agitation conditions tested in the ambr® 250 stirred-

tank bioreactor, but still higher than the viable cell count at harvest in the static control

(2.57 ± 1.38 x 106 viable cells ml-1). Better CAR-T cell growth was observed when the
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agitation speed was increased to 200 rpm with a final cell density of 4.99 ± 0.77 x 106

viable cells ml-1. The trend confirmed the previous results for non transduced T-cells

presented in Chapter 3 and showed that increasing the speed and P/M leads to a higher

proliferation.

Although speeds higher than 200 rpm did not lead to significantly higher levels of

proliferation, likely due to nutrient limitations in the medium (discussed later), CAR-T

cells viability at harvest was greater than 90% for all speeds (Figure 4.1), suggesting

that the cells were not adversely impacted by the higher agitation rates and associated

fluid dynamic stresses. Importantly, it was noted that the cells were able to proliferate

and remain > 85% viable at all agitation intensities up to 500 rpm (P/M as high as 1164

x 10-4 W kg-1). These results clearly show that the CAR-T cells are not as sensitive to

fluid dynamic stresses as generally believed (van den Bos et al., 2014) and therefore,

they can be successfully grown in stirred-tank bioreactors. The final cell yield at 300,

400, and 500 rpm were 5.07 ± 0.21, 5.00 ± 0.39, and 4.81 ± 0.79 x 106 viable cells

ml-1 respectively.

The doubling time and cumulative population doublings for each condition are shown

in Figure 4.1a and b. The doubling times were calculated from day 2 to day 7, when

the cells were in their exponential growth phase and no significant difference (P > 0.05)

between the dynamic and static conditions was detected. However, the condition with

the lowest doubling time was found to be CAR-T cells grown at 200 rpm (36.11 ± 2.16
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h), while the CAR-T cells grown at 500 rpm displayed the highest doubling time (44.58

± 7.39 h) (Figure 4.1b). The cumulative population doublings indicate the number of

times the cell population has doubled throughout the culture. The trend was similar

to the one seen for the growth curve, where the static control had the lowest number

of cumulative doublings throughout the 7 days of culture (8.21 ± 1.88). The CAR-T

cells grown at 100 rpm showed slightly higher cumulative population doublings (9.58

± 0.75) compared to the static control. The conditions grown at 200, 300, 400, and

500 rpm showed almost identical cumulative population doublings being 10.61 ± 0.53,

10.78 ± 0.16, 10.77 ± 0.23, and 10.53 ± 0.55 respectively.

Overall, the doubling time and cumulative population doublings for the 200, 300,

400 and 500 rpm agitation speeds were found to be very similar (Figure 4.1). This

indicates that no improvement in terms of cell proliferation was achieved by increasing

the stirring speed over 200 rpm, which is the estimated speed at which the Dynabeads®

(T-cell activation beads) are well suspended and interact with the T-cells in efficient way

(Costariol et al., 2019).
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Figure 4.1: The growth kinetics for CAR-T cells grown at different speeds and in the static
control. Data shown as mean ± SD with all 3 donors. Only 2 donors were used for the static
control (HD12 and HD16). (a) The growth of CAR-T cells and percentage viability from three
donors (HD12, HD16 and HD18) over 7 days in the unbaffled ambr® 250 at different agitation
speeds. The black arrow indicates the medium addition on day 3 (100 ml), day 4 (50 ml) and
a medium exchange (100 ml) on day 5. (b) Doubling time for CAR-T cells grown at different
speeds and in the static control (T-flask). No significant difference (P > 0.05) was detected
between the conditions using a One-way ANOVA test. (c) Cumulative population doublings for
CAR-T cell grown at different speeds in the ambr® 250 and in the T-flask (static control).
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Similar results were found for the fold expansion (Figure 4.2a), where the lowest

fold expansion amongst the ones tested in the ambr® 250 unbaffled vessel was at 100

rpm (18.22 ± 0.42) and the highest one was the fold expansion at 300 rpm (25.70 ±

1.21). However, there was no significant difference (P > 0.05) between the various

speeds tested.

Figure 4.2: After 7 days culture in the unbaffled ambr® 250 at different agitation speeds and
different culture parameters were analysed. Data shown as mean ± SD with all 3 donors. Only
2 donors were used for the static control (HD12 and HD16). a) Fold expansion (total number of
viable cells on day 7/total number of viable cells at seeding). Each symbol represents one donor
(star = HD12; circle = HD16, square = HD16). b) Final viable cell density (cells ml-1) at day 7
plotted against the specific power input [W kg-1 x 10-4] at the end of each run. No significant
difference (P > 0.05) was detected between the conditions using a One-way ANOVA test.

There was no statistically significant difference (P > 0.05) in the CAR-T yield at

day 7 at any of the speeds tested (Figure 4.2b), even though the range of final specific

power inputs was broad (from 9.3 to 1164 x 10-4 W kg-1). It was speculated in Chapter

3 that if the improvement in cell yield from 100 rpm to 200 rpm was due to enhanced

contact due to increasing turbulence between cells and Dynabeads®, further increases
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in P/M would lead to further improvement. However, despite the increase from 200

rpm to 500 rpm (P/M from 7 x 10-4 W kg-1 to 1164 x 10-4 W kg-1), each of these

cultures performed similarly with respect to growth kinetics, suggesting that sufficient

suspension of the Dynabeads® has been achieved at 200 rpm (Figure 4.2b).

As reported above, at 500 rpm and P/M of 1164 x 10-4 W kg-1, λK was ∼ 16 μm,

which is approximately the size of CAR-T cells. Thus, though higher speeds might lead

to a deterioration in performance, the lack of damage up to 500 rpm is not contrary to

what is expected from the turbulence theory. The lack of sensitivity to fluid dynamic

stresses shown by CAR-T cells over the tested range of agitation speeds, suggests that

if higher cell densities can be achieved through enhanced feeding strategies, higher kLa

values could be obtained to meet the increased oxygen demand. The same applies for

larger volumes stirred-tank bioreactors, where headspace aeration could not be sufficient

for a high cell density. However, the kLa could be increased by increasing the stirring

speed up to a P/M of 1164 x 10-4 W kg-1, as proven in this doctoral thesis. Furthermore,

results have shown that Dynabeads® are well suspended and efficiently activate the

cells at 200 rpm. Although this activation method is widely used, the beads need to be

removed at the end of the culture. Therefore investigating alternative activation methods

that are easier to suspend (i.e. TransAct™) could give a better insight on whether higher

speeds are needed to improve the proliferation of CAR-T cells or if they can be grown

at lower speeds with comparable results.

156



4.4 Metabolite concentrations

The levels of glucose, lactate, glutamine, and ammonia in the medium were measured

off-line on a daily basis (Figure 4.3). For the runs at speeds of 200 rpm and above

which exhibited similar growth, the metabolites measured in the medium followed sim-

ilar trends. In each case, the medium was depleted of glucose and glutamine by day 3,

which was probably the cause for the reduced growth rate at this time point (Figure 4.6,

right hand side). The glucose and glutamine concentrations were consistently depleted

throughout the course of the culture despite the regular medium exchanges/additions on

day 3, 4 and 5. The glucose and glutamine concentrations were close to 0 mmol l-1 on

day 6, and were completely depleted in the medium by day 7 in all conditions. The glu-

cose concentration dropped below 2 mmol l-1 on day 5 (before the medium exchange)

and day 6 (Figure 4.3). It is likely that cultures with higher viable cells ml-1 (200 rpm

and higher speeds) run out of glucose and glutamine earlier than the ones with less

cells ml-1 (100 rpm). However, due to the nature of off-line daily sampling, this could

not be detected. The same trend was seen in the work published by A. Amini et al.

(2020), where fastest growing T-cells rapidly consumed all the available glucose from

the medium, despite a perfusion mimic feeding strategy. On the other hand Klarer et al.

(2018) prevented the depletion of glucose from the medium by using the X-VIVO™ 10

medium, which contains ∼ 25 mmol l-1 of glucose compared to the ∼ 11 mmol l-1 of

glucose present in the RPMI 1640.
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Once CAR-T cells are activated, they undergo extensive proliferation and signifi-

cant changes in their metabolism. They switch from a catabolic metabolism to an an-

abolic one in order to support the proliferation and new biomass formation (Windt et al.,

2012). Furthermore, the uptake of glucose and glutamine from the medium is essential

for proliferation and expression of effector functions, such as cytokine production and

cytolytic molecules secretion. Both nutrients are therefore crucial for T-cell expansion.

The drop in glutamine and glucose concentrations could be a potential explanation to

why, at higher speeds, the cells did not reach higher cell densities. The complete de-

pletion of the metabolites indicates a need to optimise the feeding strategy in order to

avoid a possible growth rate limitation with respect to nutrient provision or switch to

other commercially available medium with a higher content of glucose. Culture under

such conditions would establish whether higher speeds can improve the proliferation of

CAR-T cells, as it has been shown that fluid dynamic stresses do not adversely impact

it up to 500 rpm in the ambr® 250 bioreactor.

With glucose becoming a limiting factor, the lactate production also slowed down

(Figure 4.3a,b). The levels of lactate reached the maximum concentration on day 3

for all conditions (∼ 20 mmol l-1). The medium additions/exchange on day 3, 4 and

5 diluted the concentration of lactate to lower levels. It can be noted how the lactate

production slowed down on the last day of culture (Figure 4.3b), probably due to the

lack of glucose and glutamine available in the medium, as mentioned above. The level of
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lactate in the medium was higher than the one reported by Hollyman et al. (2009), which

reached ∼ 14 mmol l-1 in a rocking motion bioreactor and Gagliardi et al. (2019) who

reported ∼ 15 mmol l-1 of lactate in a gas permeable bag at day 7. A. Amini et al. (2020)

reported a level of lactate in the medium of ∼ 17 mmol l-1 with primary T-cells in a

shaken microbioreactor. The rocking motion bioreactor and the shaken microbioreactor

were both operated in perfusion or perfusion mimic mode, which allowed to partially

remove the lactate accumulated in the culture medium and keep it at a stable level. The

viable cell number in the gas permeable bag at day 7 was ∼ 0.4 x 108, while there were

∼ 12.5 x 108 total cells in the ambr 250 at day 7. This explains the higher amount of

lactate accumulation in the medium despite the medium dilutions and exchange.

During rapid cell proliferation, glutamine uptake results in intracellular nitrogen

building up and is secreted as ammonia in order to avoid toxic effects on the cells (Windt

et al., 2012). The highest ammonia concentration detected in the medium was ∼ 2 mmol

l-1 (Figure 4.3d). A study conducted by Luo et al. (2014), showed that 2.5 mmol l-1 of

ammonia slowed the proliferation of dendritic cell, while 3 mmol l-1 was proven to have

a negative impact on mesenchymal stem cells proliferation by Schop et al. (2009). The

level of ammonia detected in this work was lower, however it is not clear whether 2

mmol l-1 could have an inhibitory effect on CAR-T cells, as no literature was found on

this matter.
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Figure 4.3: Metabolite concentration [mmmol l-1] profiles from the day of inoculation to the
end of the culture (day 7) in the ambr® 250 unbaffled vessel at different impeller speeds. The
black arrows indicate a medium addition on day 3 and 4 and a medium exchange on day 5.
Data shown as ± SD, n=3. (a) Glucose concentration. (b) Lactate concentration. (c) Glutamine
concentration. (d) Ammonia concentration.
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4.4.1 Specific production and consumption rates

Specific metabolite consumption and production rates were calculated for glucose and

lactate respectively from day 2 to day 7, when the CAR-T cells were in their expo-

nential growth phase, and on a daily basis (Figure 4.4a, b, c, d). It can be noted that

for both glucose and lactate, the 100 rpm agitation intensity resulted in higher con-

sumption/production rates, although not significantly (P > 0.05), compared to the other

agitation conditions from day 2-7 (1.47 ± 0.36 pmol cell-1 day-1 for glucose and 2.40

± 0.63 pmol cell-1 day-1 for lactate) (Figure 4.4a, c). Similarly, the consumption and

production rates for glucose and lactate calculated on a daily basis showed higher values

for the lowest speed from day 3 onward (Figure 4.4b, d). However, none of these values

were significantly different (P > 0.05) compared to other speeds. The higher consump-

tion/production rate for CAR-T cells grown at 100 rpm was to be expected given this

is a per cell metric. In the higher speed conditions, there was an increase in the overall

cell density, that resulted in a lower specific consumption or production rate, given the

concentration of the available metabolite was the same to start with. When there were

fewer cells in the vessel (100 rpm), but the available metabolites were the same, the con-

sequence was that the uptake resulted higher given the greater availability of glucose per

cell in that condition. In the other conditions (200-500 rpm), where the metabolites were

depleted faster, a lower glucose consumption rate needed to be accounted for on day 3

and 4 in particular, which made the consumption rate calculated from day 2 to day 7
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lower (Figure 4.4a, b). Similar results were found by A. Amini et al. (2020) with non

transduced T-cells in a shaken microbioreactor, where T-cells grown at lower shaking

speeds had a higher glucose uptake and slower proliferation.

The production of lactate is highly correlated to glucose consumption (Buck et al.,

2015). It is therefore understandable that the same pattern was seen in the specific

lactate production, where the amount of lactate produced per cell resulted higher at

lower speeds (Figure 4.4c, d). However, none of the conditions showed a significantly

higher (P > 0.05) production rate for lactate. Furthermore, low pH are believed to

inhibit the production of lactate in T-cell culture, which could be another reason for the

lower specific production of lactate from day 3 onward (Calcinotto et al., 2012).

The lactate yield from glucose was calculated in order to assess the efficiency of

the CAR-T cells metabolism to convert glucose into energy (Figure 4.4e, f). The most

efficient way to consume glucose is through the OXPHOS metabolic pathway, which

yields 30-38 ATP molecules per mole of glucose consumed (Hanga et al., 2017). The

alternative pathway, called aerobic glycolysis or ’The Warbug Effect’, it is far less ef-

ficient yielding only 2 ATP per mole of glucose consumed and 2 moles of lactate as a

byproduct (Warburg, 1956). In this study the lactate yield from glucose calculated from

day 2 to day 7 was found to be close to the theoretical limit of 2 mmol mmol-1 for all the

assessed speeds (Figure 4.4e). This suggested that the CAR-T cells were metabolising

glucose via the inefficient aerobic glycolysis rather than through OXPHOS. Activated
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T-cells are known to undergo a metabolic reprogramming towards aerobic glycolysis

(Buck et al., 2015; Maciolek et al., 2014). The percentage of T effector memory cells

in the culture (discussed later) could have an impact on the lactate yield from glucose,

as T effector memory cells are known to process glucose mainly through aerobic gly-

colysis (Bantug et al., 2018). However, no significant difference (P > 0.05) was found

in the lactate yield from glucose across the range of speeds tested, indicating that the

increasing stirring speed did not have a significant impact on the glucose and lactate

metabolism of the CAR-T cells. The results on day 7 (Figure4.4f) show a higher lactate

yield from glucose mainly due to the low content of glucose in the medium between day

6 and 7.
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Figure 4.4: Specific consumption or production rates for CAR-T cells production under differ-
ent agitation conditions (100 - 500 rpm) in the ambr® 250 stirred-tank bioreactor. All data shown
as ± SD, n=3. No significant difference (P > 0.05) was detected between different conditions
using a One-way ANOVA test. (a) Glucose consumption rate [pmol cell-1 day-1] from day 2 to
day 7. (b) Glucose day by day consumption rates. (c) Lactate production rate [pmol cell-1 day-1]
from day 2 to day 7. (d) Lactate day by day production rates. (e) Yields of lactate from glucose
from day 2 to 7. Reference line at 2 is the maximum theoretical yield of lactate from glucose. (f)
Yields of lactate from glucose on a daily basis. Reference line at 2 is the maximum theoretical
yield of lactate from glucose.
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Glutamine and ammonia specific consumption and production rates are shown in

Figure 4.5. The specific glutamine consumption rate calculated from day 2 to day 7

(Figure 4.5a) showed a similar trend to glucose, it was lower at higher speeds. The

glutamine consumption rate was 0.57 ± 0.17 pmol cell-1 day-1 at 100 rpm, while it

dropped to 0.31 ± 0.1 pmol cell-1 day-1 at the highest speed (500 rpm). Once again,

this lowering was likely due to an early depletion of glutamine in the medium, caused

by an higher number of cells in the 300 - 500 rpm conditions, while the consumption

rate at 200 rpm (0.44 ± 0.08) was between the lowest speed (100 rpm) and the higher

speeds. The same trend was detected on a daily basis (Figure 4.5b), where the lowest

speed showed a higher consumption rate from day 3 onward. However, there was no

significant difference (P > 0.05) between the tested conditions. Ammonia specific pro-

duction rate calculated between day 2 and 7 (Figure 4.5c) did not show any significant

difference (P > 0.05) amongst the tested conditions. The values ranged from 0.16 ±

0.03 pmol cell-1 day-1 at 500 rpm to 0.22 ± 0.06 pmol cell-1 day-1 at 100 rpm. The

daily analysis for the ammonia production rate (Figure 4.5d) exhibited a consistently

decreasing ammonia production, however no significant difference (P > 0.05) was de-

tected between different conditions. These results suggest that the stirring speed did not

have a significant impact on the consumption of glutamine and production of ammonia

in CAR-T cells grown in the ambr® 250 stirred-tank bioreactor.

165



Figure 4.5: Specific consumption or production rates for CAR-T cells production under differ-
ent agitation conditions in the ambr® 250 stirred-tank bioreactors. Data shown as ± SD, n=3.
A one way ANOVA test was performed. No significant difference (P > 0.05) was detected be-
tween different conditions using a One-way ANOVA test. (a) Glutamine consumption rate [pmol
cell-1 day-1] from day 2 to day 7. (b) Glutamine day by day consumption rates. (c) Ammonia
production rate [pmol cell-1 day-1] from day 2 to day 7. (d) Ammonia day by day production
rates.
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4.5 pH and dissolved oxygen concentration

pH and dO2 are two of the key parameters in cell culture and manufacturing of thera-

peutics products and they were monitored throughout the duration of the 7 days CAR-T

expansion using the ambr® bioreactor controller software (Figure 4.6). The spikes ob-

served in the dO2 profiles are due to the opening of the bioreactor cap to allow for

medium additions and exchange. For all runs, a dO2 control by gas blending at 60%

was started on day 5 after a 100 ml medium exchange, keeping the experimental set

up consistent with the experiments presented in Chapter 3. The dO2 control was active

only when the monitored dO2 dropped below 60%, but did not lower the dO2 to 60%.

The dO2 (Figure 4.6a-e, left hand side) was ∼ 85% at inoculation in all the con-

ditions (100 - 500 rpm). This value fell slightly over the first 3 days at 100 rpm, but

remained stable during this time at the higher speeds. After medium addition on day 3,

a drop in dO2 occurred, due to an increase in volume (from 100 to 200 ml) and due to an

increased cell concentration at the lowest speed (100 rpm), condition in which the kLa

was lowest and could not meet the oxygen demand of the proliferating CAR-T cells.

At 200 rpm and above, since the cell density and hence the oxygen uptake rates were

approximately the same for these agitation speeds, the drop in dO2 was less pronounced

as the speed is increased. This difference was probably due to the higher kLa resulting

from the increase in the agitation speed. At day 5, when the dO2 control at 60% became

operational, this value was held at all speeds as indicated in the dO2 profiles. However,
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at 400 rpm the oscillations caused by the oxygen control were smaller indicating that the

control was really needed only towards the end of the culture, due to the high viable cell

density reached (Figure 4.6d). At 500 rpm the dO2 from day 5 on was still slightly above

60% due to the higher kLa and therefore the dO2 control was not activated. However,

the overall culture performance was still comparable to the other conditions.

It can be concluded that dO2 did not play a determinant role in this scenario, as the

profiles did not show any significant differences between the different speeds (Figure

4.6a-e).

pH profiles (Figure 4.6a-e, right hand side) were very similar across all the speeds,

correlating with the viable cell concentration and with the lactate production and accu-

mulation in the medium. The rapid increase in the pH profiles indicated the points at

which medium additions or exchanges occurred (day 3, 4 and 5). There was a slight in-

crease or a plateau in the pH prior to the medium addition on day 3 for all the conditions,

exception made for the highest speed (500 rpm).
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Figure 4.6: Representative dissolved oxygen (dO2; left hand side and pH (right hand side) trends
under different agitation as the medium volume increases in the ambr® 250 unbaffled vessel over
7 days. In all runs dO2 control at 60% was introduced at day 5 after medium exchange. (a) 100
rpm. (b) 200 rpm. (c) 300 rpm. (d) 400 rpm. (e) 500 rpm.
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It has been shown that lactic acid production causes a fall in the pH profile and can

impair proliferation in mammalian cell cultures if pH reaches values lower than 6.6-

6.8 (Konakovsky et al., 2016; W. M. Miller et al., 2000). The lower pH consequently

restricts the formation of lactic acid and its accumulation in the medium (Erra Diaz et

al., 2018). The plateau in the pH may therefore indicate that CAR-T cells run out of

glucose and glutamine which, combined with the low pH, limited their proliferation and

lactate production. The same effect could be seen in the last day of culture, when once

again, the glutamine and glucose levels were down to zero. The lowest pH was ∼ 6.4

on day 3 in the runs at 100-400 rpm (Figure 4.6a,b,c,d), while it was slightly higher

(∼ 6.6) for the 500 rpm (Figure 4.6e). Such low pH values have been reported to slow

down the growth of T-cells and believed to down regulate the specific lactate production

(Calcinotto et al., 2012).

4.6 Assessment of cell quality and functionality

Although the final cell yield is relevant for CAR-T therapies, expanded CAR-T cells

need to be able to efficiently target tumour cells once reinfused into the patient. Once

the target dose has been reached, it is crucial to assess their immunophenotypes and

cytotoxicity at the end of the culture.
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4.6.1 Immunophenotypic analysis and CAR expression

The immunophenotypic profile of CAR-T cells was assessed via flow cytometry analy-

sis at the beginning (pre-experiment) and at the end of the expansion in the ambr® 250

bioreactor and in the T-flask, used as a static control (Figure 4.7). The CD4:CD8 ratio

(Figure 4.7a) was higher in the static control (3.1 ± 0.7) compared to the ambr® 250

at different speeds, where it reached values closer to the desired 1:1 ratio (Turtle et al.,

2017). The result shown by the static control was not in line with previous studies found

in literature, where CD4+ T-cells number lowered during expansion, while CD8+ T-cell

percentage increased (W. Zhang et al., 2018). However, the difference between the pre-

experiment and flask sample was not significant (P > 0.05). IL-2 was used as medium

supplement in all the experiments, however different interleukins could help to lower

the CD4:CD8 ratio. It has been previously reported that T-cells cultured with IL-7 and

IL-15 showed a higher proportion of CD8+ T-cells, which would lower the CD4:CD8

ratio towards the desired value of 1 (Cha et al., 2010; Turtle et al., 2017).

The CD8 positive subpopulation of CAR-T cells was further analysed in terms of

naı̈ve, central memory, effector memory, and terminally differentiated T-cells. It has

been demonstrated that a higher proportion of naı̈ve and central memory T-cells in the

final product help to improve the persistence of CAR-T therapies in vivo (Sommermeyer

et al., 2016). The amount of naı̈ve and terminally differentiated T-cells was lower than

5% in all samples (data not shown). The central memory subpopulation was higher

171



in the pre-experiment sample (39.6 ± 3.8 %) compared to the samples post-expansion

(Figure 4.7b). Although it is known that T-cells differentiate during expansion and

therefore prolonged culture periods will see a decrease in T central memory cells, it

has been suggested that the use of IL-7 and IL-15 should result in a higher percentage

of T central memory cells compared to T-cells cultured with IL-2 (Cha et al., 2010).

The results presented in this doctoral thesis are in line with the study by Gagliardi et al.

(2019), where after 11 days of culture ∼ 20% of the T-cells showed a central memory

phenotype, although different expansion platforms were used (i.e. G-Rex and gas per-

meable bags). Furthermore, A. Amini et al. (2020) reported a similar T central memory

percentage (between ∼ 20 and 35%) in a shaken microbioreactor at 100 and 200 rpm.

The effector memory percentage increased over the 7 days culture, both in the static

control (T-flask) and in the ambr® 250, showing no significant difference (p > 0.05)

between the final product in the static and dynamic conditions. These results are in

line with data found in literature, where the percentage of effector memory T-cells in a

shaken bioreactor was reported to be between 60 and 70% (A. Amini et al., 2020). As

demonstrated in Chapter 3, the proportion of the T-cell subpopulations at the end of the

culture was not affected by agitation for speeds up to 200 rpm. In this case the same can

be stated for speeds up to 500 rpm, as no significant difference (p > 0.05) was found

between the static condition and the dynamic ones.

It can be concluded that the expanded cells showed a more differentiated pheno-
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type, with less central memory cells (Figure 4.7b) and higher percentage of effector

memory cells (Figure 4.7c). However, it is important to note that this was irrespective

of culture platform (static T-flask or stirred-tank bioreactor). These findings were ex-

pected due to the prolonged expansion protocol (14 days in total), the use of IL-2 in the

medium, and a double activation of T-cells (when thawed and on day 0). The fact that

there was no significant difference between the static and dynamic conditions suggests

that fluid dynamic stresses associated with higher agitation speeds did not impact the

immunophenotypic profile of CAR-T cells.

In order to limit the differentiation of the T-cells, a shorter protocol should be put in

place and the IL-2 replaced with different interleukins (IL-7, IL-15, and IL-21), which

have been proven to help maintain the undifferentiated phenotype of T-cells (Sabatino

et al., 2016; N. Singh et al., 2016). Furthermore, cells grown with IL-7 and IL-15 (10

ng ml-1 each) showed a higher efficacy in vivo compared to T-cells cultured with IL-2

(Cha et al., 2010).
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Figure 4.7: Phenotypic characterisation of primary CAR-T cells when seeded in the bioreactor
(Day 0 - grey) and post-harvest at different agitation conditions in the ambr® 250 unbaffled
vessels and in T-175 flasks (static control) after 7 days of expansion. Data shown as ± SD, n=3.
No significant difference (P > 0.05) was detected between different conditions using a One-way
ANOVA test. Each symbol represents one donor (HD12 = star; HD16 = circle; HD18 = square).
(a) CD4:CD8 ratio. (b) CD8+ T central memory (CCR7+ CD45RO+) subpopulation percentage
of the cells. (c) CD8+ T effector memory (CCR7- CD45RO+) subpopulation percentage in all
the analysed conditions.
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The expression of the CAR receptor was assessed by flow cytometry at seeding (day

0) and at the end of the 7 days expansion in the bioreactors and in the static control

(Figure 4.8). The CAR expression at day 7 was normalised to the expression at day 0

for each different donor and condition assessed. This was necessary due to a variable

transduction efficiency for each run ranging from 20 to 50%. The percentage of T-

cells expressing the CAR in all the analysed conditions did not show any significant

difference (P > 0.05) compared to the static control, suggesting that the fluid dynamic

stresses induced by the stirring regime did not cause CAR shedding. However, at 500

rpm the percentage of cells expressing the anti-CD19 CAR was slightly lower (although

not statistically significant (P > 0.05)) than in all other conditions (Figure 4.8). This

difference might be an indication that, as hinted at by the estimate of the Kolmogorov

eddy size at this speed, fluid dynamic stresses start to have an impact on the CAR

receptor. Further investigations at a higher speed would be needed in order to prove this

hypothesis.
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Figure 4.8: Normalised CAR expression at the end of 7 days expansion in the ambr® 250
unbaffled vessels and in T-175 flasks (static control). Each run has been normalised to the
starting CAR expression obtained for the specific condition at inoculation (day 0). Reference
line at 1 shows the equivalence in CAR expression between day 0 and day 7. Each symbol
represents one donor (HD12 = star; HD16 = circle; HD18 = square). Data shown as ± SD, n=3.
No significant difference (P > 0.05) was detected between different conditions using a One-way
ANOVA test.

4.6.2 In vitro cytotoxicity assay

Anti-CD19 CAR-T cell functionality was assessed by performing an in vitro cytotox-

icity assay using Nalm6 (CD19 positive cells) as target cells (Figure 4.9). This assay,

also called killing assay, is commonly used to assess the capability of expanded CAR-T

cells to recognise and kill tumour cells in vitro (Zaritskaya et al., 2010; W. Zhang et al.,

2018). CAR-T cytolytic activity was retained in all culture conditions and it was compa-

rable or better than that exhibited by the static CAR-T control (9.68 ± 2.71% remaining

target cells) with less than 8% of the target Nalm6 cells remaining after 24 hours across

all conditions in the ambr® 250 stirred-tank bioreactor. In detail 6.27 ± 1.48% Nalm6
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were alive when co-cultured with CAR-T cells expanded at 100 rpm in the ambr® 250,

6.83 ± 2.68% when co-cultured with CAR-T cells expanded at 200 rpm, 7.95 ± 5.91%

when co-cultured with CAR-T cells expanded at 300 rpm, and 5.85 ± 2.13% when co-

cultured with CAR-T cells grown at 400 rpm. Although the normalised CAR expression

was found to be lower at 500 rpm, once the CAR-T cells were isolated, they showed a

low percentage of remaining target cells (7.80 ± 2.05%) proving that they retained their

cytolytic function in vitro (Figure 4.9). These results are comparable to data presented

in published studies using the same CAR plasmid to transduce human primary T-cells

(Stavrou et al., 2018).

Figure 4.9: Percentage of remaining target cells (Nalm6) from the cytotoxicity assay performed
with CAR-T cells grown at different agitation conditions in the ambr® 250 unbaffled vessels and
in T-175 flasks (static control). Data shown as ± SD, n=3. No significant difference (P > 0.05)
was detected between different conditions using a One-way ANOVA test. .
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4.6.3 Cytokine secretion

In addition to the immunophenotypic profile and cytotoxicity assay, the culture super-

natant was used to perform a CBA assay and analyse the cytokines released in the

medium after co-culturing anti-CD19 CAR T-cells with CD19 expressing cells (Fig-

ure 4.10 and 4.11). The CBA assay is generally used to confirm the functionality of

CAR-T cells against tumour cells expressing the CD19 receptor in vitro, verifying and

confirming the cytotoxicity data results.

This assay detects cytokines such as Interferon-gamma (INF-γ), Tumour Necrosis

Factor (TNF), and IL-2. These pro-inflammatory cytokines are known to be produced by

the T helper 1 (Th1) subset, but also by CD8+ CAR-T cells. As shown in Figure 4.10a,

INF-γ was released in all the conditions with no statistically significant difference (P

> 0.05) between the static and dynamic conditions. The same result was found for

the TNF secretion, where no significant difference (P > 0.05) was found amongst the

different conditions (Figure 4.10b). IL-2, an indicator of CAR-T cell proliferation, but

also secreted for T-cell survival and differentiation (W. Zhang et al., 2018), was also

detected in the supernatant with no statistically significant difference (P > 0.05) between

the static and dynamic conditions (Figure 4.10c).

The limit of the CBA assay is at 5000 pg ml-1 of detected cytokine; for levels higher

than that, the software extrapolates the value. It can be however stated, that the concen-

tration of IL-2 was higher than 5000 pg ml-1 for all the conditions, although the plotted
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values might not be accurate (Figure 4.10c).

Figure 4.10: Quantitative analysis of cytokines secreted [pg ml-1] by T helper 1 cells in the
supernatant medium for CAR-T cells grown at different agitation speeds and in T-175 flasks
(static control) when exposed to NALM6 cells. Data shown as ± SD, n=3. A one way ANOVA
test was performed. No significant difference (P > 0.05) was detected between different condi-
tions using a One-way ANOVA test. (a) INF-γ concentration. (b) TNF concentration. (c) IL-2
concentration.

Although for all the analysed cytokines, the trend was similar, there was a higher

level of cytokine secreted by CAR-T cells grown at 200 and 300 rpm. The levels of

INF-γ were in line with those found in previous work (Cha et al., 2010; Kochenderfer et

al., 2012), when CAR-T cells were co-cultured with leukemia cells, giving once again
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the confirmation of their functionality and cytolytic abilities. INF-γ secretion upon

stimulation of CAR-T cells is routinely used in potency assay during clinical trials (Gee,

2018). Th1 cells have been shown to be more effective in the induction of anti-tumour

cell-mediated immunity in vivo (Nishimura et al., 2000).

The CBA assay was also used to detect cytokines typically secreted by T helper

2 (Th2) and T helper 17 (Th17) subsets. These cytokines are IL-4, IL-6, IL-10, and

IL-17A (Figure 4.11). The quantity of IL-4, IL-6 and IL-10 secreted by Th2 cells are

shown in Figure 4.11a,b,c. Their levels in the medium were detected at a much lower

concentration compared to INF-γ, TNF, and IL-2, in line with what was reported in

other studies (W. Zhang et al., 2018). However, there was no significant difference (P

> 0.05) between the different conditions, with the exception of IL-10 (Figure 4.11c),

where CAR-T cells grown at 500 rpm secreted a significantly higher (P < 0.05) amount

of cytokine compared to the other conditions. IL-10 is a regulatory cytokine mainly

secreted by T regulatory cells and it has immunosuppressive functions (Plitas et al.,

2016). This result suggested that a more vigorous agitation promoted the differentiation

of T-cells towards a T regulatory phenotype (Kofler et al., 2011), however further studies

are needed in order to confirm this finding. No significant difference (P > 0.05) was

detected in IL-17A secretion for the CAR-T cells cultured in different conditions (Figure

4.11d), suggesting that the agitation did not promote differentiation into Th17 subset.

The levels of IL-17A are in line with the one reported in other studies (Pucino et al.,
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2019).

Figure 4.11: Quantitative analysis of cytokines secreted [pg ml-1] by T helper 2 and T helper
17 cells in the supernatant medium for CAR-T cells grown at different agitation speeds and in
T-175 flasks (static control) when exposed to Nalm6 cells. Data shown as ± SD, n=3. A one
way ANOVA test was performed. Statistical significance is shown when probability (P) values
were equal or below 0.05 (*), 0.01(**), 0.001(***), or 0.0001(****). (a) IL-4 concentration. (b)
IL-6 concentration. (c) IL-10 concentration. (d) IL-17A concentration.
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4.7 Manufacturing platforms for CAR-T cell produc-

tion

No existing literature on CAR-T cells expanded in stirred-tank bioreactors has been

found. However, the final cell yield and growth kinetics obtained in the stirred-tank

bioreactor were compared to other routinely used CAR-T cell expansion platforms (e.g.

gas permeable bags, G-Rex, rocking motion bioreactors, and CliniMACS Prodigy®)

(Vormittag et al., 2018). Although it was challenging to find peer reviewed papers that

report the detailed manufacturing process for CAR-T therapies, some data on final cell

yields across different platforms were retrieved.

4.7.1 Static culture systems

G-Rex and gas permeable bags are static platforms generally used for the manufacture

of CAR-T cell products for phase I/II clinical trials (Vormittag et al., 2018). Tumaini et

al. (2013) reported a 8-14 fold expansion in permeable bags for CAR-T cells using a 13

days expansion protocol. The medium used was AIM V™ serum-free medium supplied

by Gibco, supplemented with 5% AB serum, 1% Gluta-Max and 300 IU ml-1 IL-2. Two

of the samples used were from patients, while one was from a healthy donor.

In the G-Rex system with a gas-permeable membrane at the bottom, a fold expansion

up to 42 has been reported in 6-well plates (Gagliardi et al., 2019). However, this
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only occurred when CAR-T cells were seeded at low seeding density (0.06 x 106 cells

cm-2). For higher seeding density (1 x 106 cells cm-2) the fold expansion was ∼ 20.

The length of the culture was 11-14 days in TexMACS™ GMP medium produced by

Miltenyi Biotec supplemented with IL-7 and IL-15. The activation of the T-cells was

performed with soluble anti-CD3 and anti-CD28 antibodies.

Both these studies, report a lower fold expansion compared to the ambr® 250 stirred-

tank bioreactor (∼ 25 fold expansion at 300 rpm), exception made for the condition

seeded at very low density. The expansion period in the cited studies was 6 to 7 days

longer than the one described in this thesis and the medium and medium supplements

were different. Due to the nature of the G-Rex vessel, where the cells sit on the bottom

of it on the permeable membrane, it is hard to compare the initial cell densities, as in

the G-Rex this is reported on cells per unit of area, while in stirred-tank or rocking

motion bioreactors the cells are in suspension and the seeding density is given in cells

per millilitre.

Although static platforms are easy and straightforward to use, both these platforms

require frequent manipulations by trained operators in biosafety cabinets (Vormittag et

al., 2018; Q. A. Rafiq et al., 2015). Furthermore these static platforms are not scal-

able, meaning that a single dose might require multiple gas permeable bags or G-Rex

platforms to be produced impacting on the cost of the product (Mizukami et al., 2020).

Another drawback is that these static expansion system do not have in-process controls,
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which are present in stirred-tank bioreactors and other bioreactors in general. The higher

fold expansion in a shorter time, clearly demonstrates the better performance of stirred-

tank bioreactors, where agitated culture conditions enable an enhanced mass transfer

and homogeneous nutrient distribution throughout the culture medium.

4.7.2 Rocking motion bioreactors and Prodigy CliniMACS system

Rocking motion bioreactors and CliniMACS Prodigy® systems are more comprehen-

sive than static platforms, with in-process control systems and dynamic culture options

(Xiuyan Wang et al., 2016). Hollyman et al. (2009) achieved a cell density at harvest

of 13.2-31 x 106 cells ml-1 (87 to 668 fold expansion) in a rocking motion bioreactor

(WAVE EHT, GE Healthcare) after 13-18 days of culture. This resulted in significantly

higher cell densities compared to the ones achieved in the stirred-tank bioreactor at 300

rpm (best growing condition), which was ∼ 5 x 106. The culture medium used in their

study was X-VIVO™ 15 serum-free chemically defined medium produced by Lonza

supplemented with 5% AB serum and 100-500 IU ml-1 of IL-2.

Different studies were found on the expansion of CAR-T cells using a CliniMACS

Prodigy®, reporting a fold expansion ranging from 16 to 81 and 8-13 days of expansion

(W. Zhang et al., 2018; Zhu et al., 2018; Lock et al., 2017; Aleksandrova et al., 2019).

All these studies used TexMACS™ GMP medium. The medium was supplemented with

3-5% human AB-serum in all cases and different concentrations of IL-2 or IL-7 and IL-
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15 were added to the medium for CAR-T cell culture. Furthermore, all of these studies

used TransAct™ particles for T-cell activation.

The results obtained by Hollyman et al. (2009) were significantly higher than the

one presented in this chapter. However, the expansion process reported in literature

consisted of a 6-11 days longer culture period and a feeding strategy based on perfu-

sion (from 200 ml to 1600 ml of medium were exchanged over 24h), which enabled

to remove waste products and provide a continuous supply of glucose, glutamine, and

other supplements necessary for T-cell growth. Klarer et al. (2018) have shown how a

perfusion feeding yielded higher cell densities compared to a fed batch feeding, which

was used in this thesis. Although the final cell density achieved in the rocking motion

bioreactor by Hollyman et al. (2009) was higher, the perfusion feeding strategy and

prolonged expansion protocol most likely played a crucial role in the CAR-T cells pro-

liferation, making it hard to directly compare their results with the ones presented in

this doctoral thesis. The range of fold expansion in the CliniMACS Prodigy® was very

broad. The 25 fold expansion achieved in the stirred-tank bioreactor at 300 rpm falls

in that range. However, the culture medium, medium supplements, and the activation

reagents differ from the one used in this thesis. Although the CliniMACS Prodigy®

allows for a closed process from cell isolation to expansion, it is only suitable for a

scale-out strategy rather than scale-up due to the limited size of the culture vessel (250

ml). On the other hand, rocking motion bioreactors allow for increased scale with dif-

185



ferent modes of operation, e.g. perfusion. Stirred-tank bioreactors are already widely

used as cell expansion platforms for different autologous and allogeneic applications,

with scales varying from 100 ml to > 20,000 L for large-scale recombinant protein pro-

duction using CHO cells and other mammalian cell types (Alvin W Nienow, 2006b;

Costariol et al., 2020). They have also been used at scale for human mesenchymal stem

cells culture on microcarriers and have been extensively used in the biologic industry,

which led to an extensive characterisation for cell production and a proven track record

for large-scale industrial manufacture (Alvin W Nienow, 2006b; Alvin W Nienow et

al., 2016; Q. A. Rafiq et al., 2013a). This usage increases the likelihood of adoption

for therapeutic development by companies who have these manufacturing platforms in

place and reduces the risk associated with using such platforms for commercial manu-

facture. Furthermore, stirred-tank bioreactors have the advantage that, unlike rocking

motion bioreactors, they have small-scale models, such as the ambr® 15 and 250, and

the DASbox system, which can be operated at low volumes (15 - 250 ml). These small

scale stirred-tank bioreactors allow multiple processes to be run in parallel, increasing

the parameters tested, process understanding and reducing development time frames

during process development.
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4.7.3 Improvements for a more efficient culture in stirred-tank biore-

actors

Due to the different culture parameters (i.e. activation methods, medium, feeding strat-

egy, length of expansion, medium supplements) it was not possible to make a direct

comparison with the data found in literature. However, it can be seen how the rocking-

motion bioreactor had the highest fold expansion, mainly due to the perfusion feeding

strategy. Bioreactors give the opportunity to monitor and control key culture param-

eters, such as pH and dO2, which can improve the growth kinetics of T-cells (Klarer

et al., 2018; A. Amini et al., 2020). This is why, stirred-tank bioreactors have an advan-

tage compared to static culture vessels, not only they allow for better mass transfer, but

also allow to monitor key culture parameters which play a crucial role in CAR-T cell

expansion.

Even though the current expansion protocol was not optimised, and higher cell num-

ber could potentially be achieved, the final cell yield in the best growing condition (300

rpm) was ∼ 12.5 x 108 viable cell ml-1 after 7 days expansion. With a transduction

efficiency as low as 20.5%, the number of CAR positive viable T-cells at harvest would

be 2.56 x 108, which falls in the range of target doses current administered to patients in

the FDA approved CAR-T therapies. This makes the ambr® 250 automated stirred-tank

bioreactor potentially suitable for the manufacturing of personalised medicines. More-

over, platforms such as the ambr® 250, which allow for the simultaneous operation of
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24 independent bioreactors, enable a level of throughput and flexibility not currently

seen in existing manufacturing platforms. With the move towards allogeneic CAR-T

production, stirred-tank bioreactors also have proven scalability and it is not difficult to

foresee multiple doses of allogeneic treatments being manufactured in > 5 L stirred-

tank bioreactors, with the potential for further scalability. However, further studies on

the comparability between small scale and large scale bioreactors in terms of cell yields

and cell functionality are needed.

Dynabeads®, antibody coated paramagnetic beads, are widely used in the CAR-T

therapy manufacture to activate the cells. However, these beads cannot be left in the

final product, but need to be removed prior to final formulation, which adds a step to the

already complex manufacturing process. In this study, the stirring speeds investigated

were in the range of 100 rpm to 500 rpm, showing the final product quality and potency

was not impacted by the increased agitation. The best condition in terms of final cell

density was found to be the one at 300 rpm, with little or no difference to the cell yield

at 200, 400, and 500 rpm. The hypothesis was that at low speed (100 rpm) the param-

agnetic beads were not well suspended and did not interact efficiently with the CAR-T

cells (Costariol et al., 2019). In order to verify and confirm this hypothesis, alterna-

tive activation methods, such as TransAct™ CD3/CD28 polymeric nanomatrix coated

particles could be used. These particles are mostly used in the CliniMACS Prodigy®

system in conjunction with the TexMACS™ medium, all produced by Miltenyi Biotec
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(W. Zhang et al., 2018; Zhu et al., 2018; Lock et al., 2017; Aleksandrova et al., 2019).

These particles are smaller than Dynabeads®, easier to suspend and degradable, with no

need for the removal step at the end of the expansion process. TransAct™ could be used

to assess whether the slower growth at 100 rpm compared to higher speeds was only due

to the suspension of the Dynabeads®. However, controversial studies have been found

in literature and it is not clear if the activation of the CAR-T cells with TransAct™

is comparable to the one achieved with Dynabeads® (Mock et al., 2016; Wang et al.,

2015).

The medium used in this thesis was RPMI 1640 supplemented with 10% FBS, 2mM

L-Glutamine, and 30 IU ml-1 IL-2. Medvec et al. (2018) reported a higher population

doubling for CAR-T cells cultured with AIM V™ and X-VIVO™ 15 medium supple-

mented with human serum compared to CAR-T cells grown in RPMI 1640 (although

the vessel used for T-cell expansion was not reported). TexMACS™ medium was found

to achieve a lower fold expansion than the X-VIVO™ 15 medium, however the study

was performed with cytokines induced killer cells (Castiglia et al., 2018), and no direct

comparison with RPMI 1640 was found in literature. RPMI 1640 could be one of the

limiting factors for the expansion of CAR-T cells. Switching to a different medium,

with higher glucose content would avoid the depletion of glucose throughout the cul-

ture. Furthermore, animal supplements (e.g. FBS) cannot be used in clinical trials and

for commercialised products, therefore a switch to serum free medium or human AB
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serum would be beneficial. The amount of IL-2 used in the above cited studies was also

significantly higher than the one used in the ambr® 250 process, which could have an

effect on T-cell proliferation (Hollyman et al., 2009).

4.8 Conclusions

This work proved the production of CAR-T cells in a stirred-tank bioreactor is feasible.

Building on previous work with primary T-cells (Chapter 3), the study investigated a

range of agitation intensities from 100 rpm (9.3 x 10-4 W kg-1) up to 500 rpm (1164 x

10-4 W kg-1) to understand the impact on CAR-T cells growth kinetics and quality.

Agitated stirred-tank bioreactor conditions resulted in higher final cell densities than

the static T-flask controls, with equivalent cell quality and potency. It was found that

an increase from 100 rpm to 200 rpm (74 x 10-4 W kg-1) led to higher cell yields (∼

4 x 106 cells ml-1 compared to ∼ 5 x 106 cells ml-1, respectively), which is in line

with the previous findings with primary T-cells (Chapter 3). Similar cell densities were

obtained from the 200, 300, 400 and 500 rpm agitation intensities, suggesting that once

the Dynabeads® are well suspended, the increase in the agitation speed does not improve

final cell yield. However, all speeds gave higher cell densities than the static T-flask

control (∼ 2.5x106 cells ml-1). Furthermore, higher speeds did not impact the final

product quality and might be needed in order to improve gas transfer at higher scales

for allogeneic therapies. It was therefore important to show there was no cell damage at
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higher speeds.

Importantly, it was demonstrated that for all agitation rates tested, the quality and

functionality of the CAR-T cells was retained, with a cytolytic functionality greater

than 90% after 24 hours, thereby proving that fluid dynamic stresses do not affect the

CAR-T cell efficacy to target and kill the leukaemia cells in vitro. Furthermore no

significant differences (P > 0.05) were found between samples in terms of metabolism

for glucose, lactate, glutamine, and ammonia. However, an optimised feeding strategy

or different medium formulations would need to be implemented for further studies

to avoid complete depletion of nutrients in the medium, which may limit the growth

of CAR-T cells. Furthermore, alternative activation methods could be tested to better

understand whether a better activation at lower speeds (i.e., 100 rpm) could lead to a

more substantial growth, as hypothesised.

Stirred-tank bioreactors bring different advantages to the process. Firstly, they al-

low for on-line monitoring of different culture parameters, such as pH and dO2 and for

a more homogeneous culture condition compared to static platforms. Secondly, they

are already widely used in the biopharma industry and have a well established supply

chain, reducing supply risk at scale, which is a constraint for the current alternative

technologies, which often rely on single source suppliers and low product manufactur-

ing volumes (e.g. CliniMACS Prodigy®). Lastly, they have suitable scale-down models

(15-250 ml scale), which significantly reduce the cost for process development and al-
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low for high-throughput screening of different reagents and conditions.
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Chapter 5

Scaling-up the manufacture of

human primary T-cells in

stirred-tank bioreactors

5.1 Introduction

Autologous CAR-T therapies are currently manufactured in small scale bioreactors or

static expansion flasks and bags (Vormittag et al., 2018). However, with the field show-

ing increasing interest in allogeneic CAR-T therapies there is a need to scale-up the ex-

pansion process to larger scale bioreactors, decreasing the footprint in expensive clean
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rooms, and lowering the cost of the manufacturing process. The scale needed for allo-

geneic CAR-T therapies would be the limited by number of T-cells that can be isolated

per donor (∼ 500 - 5000 x 106 total T-cells after leukopak processing and gene editing),

which can be expanded in 2-10 L volumes. However, it is still important and neces-

sary to find suitable scale-down models that would allow for high-throughput screening

without incurring in prohibitive raw materials cost. Stirred-tank bioreactors are well

established in the pharmaceutical industry and their availability at different scales (from

few milliliters to 2000 L) makes them suitable for various manufacturing processes that

may require larger volumes (Alvin W Nienow, 2006b; Schirmer et al., 2020).

Having successfully cultured primary T-cells and engineered CAR-T cells in an

ambr® 250 bioreactor (Chapter 3 and Chapter 4), the following step was to find suit-

able scale-down and scale-up models for the expansion process. This chapter aims to

identify whether the scaling-up of the expansion process for T-cells is feasible. Starting

from a screening experiment in the small scale high-throughput ambr® 15 stirred-tank

bioreactor, the best expansion outcome in terms of final yield and immunophenotype

was then scaled-up to an ambr® 250 stirred-tank bioreactor and to a 1 L UniVessel®

stirred-tank bioreactor. Primary human T-cells were used to demonstrate the compara-

bility between the three scales (15 ml, 250 ml, and 1 L). The scale-up was performed

based on the P/M, which has proven to be a valid comparability parameter between dif-

ferent geometries (baffled vs. unbaffled vessel) in the ambr® 250 stirred-tank bioreactor,
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as discussed in Chapter 3 (Costariol et al., 2019). The results were compared in terms

of growth kinetics, final cell yield, metabolite profiles, and final product composition.

5.2 Initial screening in the ambr 15 bioreactor

An ambr® 15 was used for the initial screening of different culture parameters. This

small scale high-throughput stirred-tank bioreactor has been extensively used for differ-

ent mammalian cells culture, such as CHO cells, hMSCs, and primary T-cells (Alvin W

Nienow et al., 2016; Rameez et al., 2014; Warr, 2020; Klarer et al., 2018). The ambr®

15 bioreactor allows up to 48 vessels to be run in parallel, as well as allowing for tem-

perature, dO2, pH monitor and control throughout the culture, which is rarely possible

in other small-scale systems or in static culture flasks.

Different dO2 were tested in order to investigate the effect on T-cell growth. The

ambr® 15 high-throughput stirred-tank bioreactor allows to independently set the dO2

levels (uncontrolled, 25%, 50%, and 75% dO2) for each vessel. The 25% dO2 is be-

lieved to be similar to the oxygen tension in lymphoid tissues (Carswell et al., 2000).

The higher dO2 levels were chosen to allow a wider screening range. Previous stud-

ies suggest that neutral pH at lower dO2 (5-50% dO2) better promotes T-cell growth

(Bohnenkamp et al., 2002; A. Amini et al., 2020). In order to reduce the variability,

pH was fixed between 7.1-7.2 in all the experiments. The pH was chosen based on

previous work by Bohnenkamp et al. (2002), suggesting that the optimal pH range for

195



T-cells growth is between 7.0 and 7.3, while lower pH might have and adverse effect

(Calcinotto et al., 2012). Furthermore, the same pH range was used in Chapter 4 and

the data did not suggest such pH to have an unfavorable effect on CAR-T cell growth.

5.2.1 Growth kinetics

The uncontrolled dO2 condition, where the dO2 was monitored, but not set at any value,

was run at two speeds (300 and 450 rpm) and was compared to 25, 50 and 75% dO2

at 450 rpm (Figure 5.1). The 300 rpm run was performed to confirm the hypothe-

sis that lower speeds and lower P/M achieve a lower growth presumably due to poor

Dynabeads® suspension (Costariol et al., 2019). As expected, the T-cells grown in un-

controlled dO2 resulted in a lower cell yield at harvest at both speeds (2.92 ± 0.73 x106

viable cells ml-1 at 300 and 3.53 ± 0.55 x106 viable cells ml-1 at 450 rpm) compared to

the conditions grown at 450 rpm and set dO2. Therefore, no other condtions were tested

at 300 rpm. At 450 rpm the final cell concentrations were 4.77 ± 0.24 x106 viable cells

ml-1 at 25% dO2, 4.60 ± 0.32 x106 viable cells ml-1 at 50% dO2, and 4.50 ± 0.31 x106

viable cells ml-1 at 75% dO2.
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Figure 5.1: Initial screening experiment performed in an ambr® 15 stirred-tank bioreactor.
Viable cells ml-1 for each of the tested conditions. The black arrows indicate medium addi-
tion/exchange. All data are shown as mean ± SD, n=3.

The dO2 trends of the two uncontrolled conditions at 300 and 450 rpm are shown in

Figure 5.2. The dO2 profiles at the two speeds almost overlapped, ranging from 90% at

the beginning of the expansion to 50% at the end of the culture.

Figure 5.2: Representative dO2 trend of the uncontrolled conditions at 300 rpm and 450 rpm in
the ambr® 15 bioreactor.
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Given that the pH was fixed between 7.1 and 7.2 in all the experiments and the dO2

profiles of the uncontrolled conditions were similar at both speeds, it can be hypothe-

sised that the better performance of the cultures at 450 rpm was only due to an enhanced

mixing, as previously reported for the ambr® 250 stirred-tank bioreactor (Costariol et

al., 2019). The higher speed might lead to a better suspension of the Dynabeads® and to

an increased activation and proliferation of the T-cells. The 300 rpm speed in the ambr®

15 resulted in a P/M of 28 x 10-4 W kg-1, which was lower than the P/M needed to

suspend the Dynabeads® reported in Chapter 3 (74 x 10-4 W kg-1). On the other hand,

at 450 rpm the P/M in the ambr® 15 was 95 x 10-4 W kg-1, which was higher than the

P/M needed to suspend the paramagnetic beads. This adds strength the hypothesis that

Dynabeads® were not well suspended at lower speeds and need an enhanced mixing

and higher P/M in order to interact with the cells and activate them efficiently (Costariol

et al., 2019).

At 450 rpm the uncontrolled dO2 condition showed a higher fold expansion (16.47 ±

2.56), although not significantly (P > 0.05), to the condition grown at uncontrolled dO2

at 300 rpm (13.65 ± 3.43), confirming that higher stirring speed results in better final

yield in terms of viable cell numbers (Figure 5.3). All the conditions run at controlled

dO2 (25%, 50%, and 75%) and 450 rpm resulted in a significantly higher (P < 0.05)

fold expansion compared to the condition grown at 300 rpm (Figure 5.3a).

The fold expansion achieved by the T-cells grown at 25% dO2 was 22.26 ± 1.11
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and resulted slightly higher, although not significantly (P > 0.05), compared to the 50%

and 75% dO2 conditions, which had a fold expansion of 21.50 ± 1.60 and 21.01 ± 1.44

respectively. This results are in line with previously published studies, where primary

T-cells grown at lower dO2 showed a higher final cell yield (A. Amini et al., 2020). The

doubling time calculated from day 2 to day 7, when the cells were in their exponential

growth phase, ranged between 39.63 ± 1.15 hours (75% dO2 at 450 rpm) and 42.34

± 1.11 hours (uncontrolled dO2 at 450 rpm) as shown in Figure 5.3b. There was no

significant difference (P > 0.05) in the doubling time across the tested conditions. The

cumulative population doublings shown in Figure 5.3c reflected the data displayed on

the growth curve graph (Figure 5.1), showing a slow down in the growth from day 6 to

day 7 probably due to a lack of nutrients in the medium (data not shown).
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Figure 5.3: Growth of primary human T-cells in an ambr® 15 high-throughput bioreactor at
different dO2 and speeds (300 and 450 rpm). (a) Fold expansion for each of the tested conditions.
A one-way ANOVA test was run and statistical significance is shown when probability (P) values
were equal or below 0.05 (*), 0.01(**), 0.001(***), or 0.0001 (****). (b) Doubling time [h]. No
significant difference (P > 0.05) was detected between the conditions using a one-way ANOVA
test. (c) Cumulative population doublings.
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5.2.2 Immunophenotypic analysis

The T-cells immunphenotype was investigated at seeding and after 7 days expansion

in the ambr® 15 stirred-tank bioreactor via flow cytometry analysis (Figure 5.4). The

T-cells were stained for CD4 and CD8 markers. The CD8 expressing T-cells were fur-

ther divided in naı̈ve (CCR7+ CD45RO-), central memory (CCR7+ CD45RO+), effector

memory (CCR7- CD45RO+) and terminally differentiated (CCR7- CD45RO-) T-cells.

Studies have suggested that the CD4:CD8 ratio in the final product should be ∼ 1

(Turtle et al., 2016). The CD4:CD8 ratio lowered towards 1 after 7 days expansion

in the ambr® 15 bioreactor (Figure 5.4a). It can be noted the high consistency of the

CD4:CD8 ratio between the different conditions, suggesting that the dO2 did not have a

major impact on this parameter.

The 25% dO2 condition showed a lower percentage of T central memory cells (20.83

± 5.05 %) and a higher percentage of T effector memory cells (74.2 ± 6.40 %) com-

pared to the other conditions (Figure 5.4b,c). Similar results were reported in previous

studies, where low dO2 coupled with low pH (6.9), showed a lower percentage of T

central memory compared with conditions grown at higher dO2 (A. Amini et al., 2020).

This suggests that the lower dO2 levels promote T-cells differentiation towards an effec-

tor memory phenotype, which is short lived and has a lower persistence once reinfused

into the patient compared to less differentiated T central memory cells (Petiti et al.,

2020).
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Figure 5.4: Immunophenotype analysis of the T-cells grown under different dO2 and speed
conditions. No significant difference (P > 0.05) was detected between the postharvest conditions
using a One-way ANOVA test. (a) CD4:CD8 ratio. (b) Percentage of T central memory cells
(CCR7+ CD45RO+). (c) Percentage of T effector memory cells (CCR7- CD45RO+).
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5.2.3 Identifying the best culture condition to scale-up

After the initial screening in the ambr® 15 bioreactor it was decided to use the higher

stirring speed, 450 rpm, for the scale-up study. This decision was based on the sig-

nificantly higher (P < 0.05) fold expansion achieved at 450 rpm. The different dO2

conditions had all comparable growth, but the 25% one showed a lower percentage of

T central memory cells at harvest, which is not desirable in the final product (Sabatino

et al., 2016). It was therefore decided to use 50% dO2 for the scale-up study, as it was

the second best condition in terms of fold expansion, but had a higher percentage of T

central memory cells compared to the 25% dO2 condition. Therefore the 450 rpm with

7.1-7.2 pH control and 50% dO2 control was scaled-up on a P/M basis to the 250 ml

and 1 L scale (Figure 5.5).

Figure 5.5: Three stirred-tank bioreactors at different scale used for the scale-up studies. A
small-scale ambr® 15 high-throughput bioreactor (15 ml), a 250 ml ambr® 250 stirred-tank
bioreactor, and a 1 L glass UniVessel®. All the bioreactors are produced by Sartorius Stedim
Biotech.
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5.3 Comparison between different scales

The comparison between different stirred-tank bioreactors scales can be performed

based on different parameters, such as kLa (volumetric mass transfer coefficient), im-

peller tip speed, impeller shear rate (γ), mixing time, and P/M (Garcia-Ochoa et al.,

2009; Micheletti et al., 2006; Xing et al., 2009). As discussed in Chapter 3 the com-

parability between the baffled and unbaffled studies were carried out on a P/M bases

and yielded comparable results. It was therefore decided to use the same parameter

for the comparison between the different scales (15 ml, 250 ml, and 1 L). P/M takes

in consideration both the mixing and mass transfer characteristics and has been used

for scaling-up processes in different stirred-tank bioreactors (Micheletti et al., 2006;

Rocha-Valadez et al., 2006). The power numbers (P0) used to calculate the P/M for the

different bioreactors are shown in Table 5.1.

Table 5.1: Power numbers for the different systems used in the scale up study (ambr® 15, ambr®

250 unbaffled vessel and 1 L reusable UniVessel®).

Bioreactor Power number Source
ambr® 15 2.10 Alvin W Nienow et al., 2013

ambr® 250 2.07 Costariol et al., 2019
1 L UniVessel® 0.7 Sartorius Stedim Biotech

5.3.1 Energy dissipation rate, specific power input, and tip speed

In order to calculate the energy dissipation rate and P/M, which are numerically equiv-

alent, the Equation 2.1 was used. The medium was assumed to have the same density
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as water (998 kg m-3). The speed for each bioreactor was fixed for the duration of the

experiment, as well as the dO2 and pH control, at 50% and between 7.1 and 7.2, respec-

tively. The P/M weighted average was calculated taking into consideration the length of

the culture at different P/M over the 7 days experiments (Table 5.2).

Table 5.2: P/M for the different systems used in the scale up study (ambr® 15, ambr® 250
unbaffled vessel and 1 L reusable UniVessel®) at different filling volumes and the P/M average
weighted over 7 days of culture. The speed was kept constant from day 0 throughout day 7.

ambr® 15 ambr® 250 1 L
UniVessel®

Speed [rpm] Day 0-7 450 200 200
Volume [ml] Day 0-3 12 100 400

P/M [x 10-4 W kg-1] Day 0-3 119 186 165
Volume [ml] Day 3-4 13 200 800

P/M [x 10-4 W kg-1] Day 3-4 110 93 82
Volume [ml] Day 4-7 15 250 1000

P/M [x 10-4 W kg-1] Day 4-7 95 74 66
P/M [x 10-4 W kg-1] weighted

average over 7 days
107 125 111

It has been shown in previous chapters (Chapter 3 and Chapter 4) that a P/M of 74

x 10-4 W kg-1 was able to appropriately suspend the Dynabeads® enhancing the bead-

to-cell interaction (Costariol et al., 2019). Furthermore, P/M greater than 74 x 10-4 W

kg-1 (corresponding to 200 rpm in the ambr® 250) did not seem to have a significant

impact on the proliferation of the T-cells (Costariol et al., 2020). The initial screening

in the ambr® 15 showed better results at 450 rpm compared to the lower speed. It was

therefore decided to keep the speed at 450 rpm for the ambr® 15 and select appropriate

speeds based on the P/M comparison for the ambr® 250, which resulted in 200 rpm, and
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1 L UniVessel®, run at 200 rpm as well (Table 5.2).

The weighted average power inputs over the 7 days were 107 x 10-4 W kg-1 for

the ambr® 15, 125 x 10-4 W kg-1 for the ambr® 250, and 111 x 10-4 W kg-1 for the

UniVessel®, which gave a good comparability between the three systems. All the P/M

were above 74 x 10-4 W kg-1 at which the Dynabeads® seemed to be well suspended

(Costariol et al., 2019; Costariol et al., 2020), therfore an increase in the stirring speed

did not seem to be necessary.

Although the P/M was used as the scale-up parameter, the impeller tip speed, which

can be assumed proportional to the shear stress exerted to the cells (K. G. Clarke, 2013),

was also calculated using the following equation:

vtip = πDN, (5.1)

where vtip [m s-1] is the impeller tip speed, D [m] is the impeller diameter, and N

[rev s-1] is the impeller speed. The tip speeds for each bioreactor used in the scale-up

study are listed in 5.3. It is to be noted, that the tip speed was constant throughout the

duration of the experiment, as the impeller speed was not changed.

Table 5.3: Tip speed for the different systems used in the scale up study (ambr® 15, ambr® 250
unbaffled vessel and 1 L reusable UniVessel®).

Impeller diameter [m] Impeller speed [rpm] Tip speed [m s-1]
ambr® 15 0.011 450 0.259

ambr® 250 0.030 200 0.314
1L UniVessel® 0.048 200 0.502
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5.3.2 Growth kinetics

The viable cell concentrations throughout 7 days of expansion for the three tested

stirred-tank bioreactors (ambr® 15, ambr® 250, and 1 L UniVessel®) at different scales

are shown in Figure 5.6. The experiments were conducted with the same three donors

across the three tested platforms. The ambr® 15 vessel operated at 450 rpm resulted in

a final cell density of 4.60 ± 0.34 x 106 viable cells ml-1. The ambr® 250 unbaffled

vessel with a stirring speed of 200 rpm, yielded 4.22 ± 0.36 x 106 viable cell ml-1 at

day 7. Finally, the 1 L UniVessel® resulted in a final cell density of 4.24 ± 0.65 x 106

viable cell ml-1.

The final viable cell count per millilitre for the three vessels was within the 4.22-

4.60 x 106 range. This suggests that high-throughput screening of different medium,

medium supplements, and culture parameters such as dO2 and pH could be performed

at small scale (15 ml), lowering the cost of each run and increasing the number of

parameters that can be tested in parallel (the system allows up to 48 bioreactors in a

single run). After identifying the best condition, this could be reproduced at the 1 L

scale yielding comparable results in terms of final cell density for potential allogeneic

CAR-T therapies production.
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Figure 5.6: The viable cell concentration of primary T-cells from multiple donors (n = 3) over
7 days in the ambr® 15, ambr® 250 and UniVessel® stirred-tank bioreactors. The black arrow
indicates a medium addition on days 3 and 4 and a medium exchange on day 5. Data show mean
± SD, n = 3.

Figure 5.7 shows the fold expansion, doubling time and cumulative population dou-

blings for each of the three bioreactors used in this study. The fold expansion (Figure

5.7a) was highly consistent across the three stirred-tank bioreactors, resulting in 21.25

± 1.58 in the ambr® 15, 21.10 ± 1.81 in the ambr® 250, and 21.20 ± 3.27 in the

UniVessel®. This highlights the comparability between the different scales (15 ml, 250

ml and 1 L) in terms of final cell yield and fold expansion.

The doubling times calculated from day 2 to day 7, when the T-cells were in their

exponential growth phase, are shown in Figure 5.6b. It can be noted how the UniVessel®

resulted in a higher doubling time (48 ± 7.81 h), although not significantly (P > 0.05),

to the two ambr systems (41.63 ± 1.70 in the ambr® 15 and 40.27 ± 5.36 in the ambr®

250). It can be hypothesised that the higher doubling time at 1 L scale was mainly due to
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the depletion of glucose and glutamine between day 2 and 3 (discussed later in Section

5.3.3). This was reflected in a higher, although not statistically significant (P > 0.05),

doubling time on day 3 (138.72 ± 130.10 h in the 1 L UniVessel® compared to 71.65 ±

34.70 h and 72.01 ± 56.38 h in the ambr® 15 and ambr® 250, respectively) for primary

T-cells in the UniVessel® (Figure 5.7c). Higher doubling times across all platforms can

be noted on day 7 as well, which overlaps with the depletion of glucose in the medium

(discussed later in Section 5.3.3), suggesting the lack of nutrients had a negative impact

on T-cell growth.

The cumulative population doubling shows the total number of times the cells have

doubled in culture from day 0 to day 7 (Figure 5.7d). The slower growth between days

2-4 in the 1 L UniVessel® was reflected in the cumulative population doublings, showing

a decrease in the plotted slope between the data points at day 2 and 3, and day 3 and

4. Nevertheless, the final cumulative population doublings were comparable between

the tested vessels resulting in 10.41 ± 0.24, 10.12 ± 0.28, and 10.11 ± 0.50 cumulative

population doublings for the ambr® 15, ambr® 250, and 1 L UniVessel® respectively.
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Figure 5.7: The growth kinetics for T-cells grown in the ambr® 15, ambr® 250 and UniVessel®

stirred-tank bioreactors. Data show as mean ± SD, n = 3. No significant difference (P > 0.05)
was detected between the tested conditions using a one-way ANOVA test. (a) Fold expansion.
(b) Doubling time [h] calculated from day 2 to day 7. (c) Doubling time [h] shown day by day.
(d) Cumulative population doublings.
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All the analysed culture parameters demonstrated that the three stirred-tank biore-

actors across different scales yielded comparable results over 7 days of culture. The

scalability was therefore confirmed in terms of growth kinetics and final cell densities.

Due to a lack of literature reporting T-cell growth in stirred-tank bioreactors, it was dif-

ficult to compare these results with existing work, mainly due to different platforms and

feeding strategies used. However, the fold expansion and growth kinetics parameters

were in line with results on T-cells grown in stirred-tank bioreactors presented in this

thesis in Chapter 3 (Costariol et al., 2019).

5.3.3 Metabolite concentrations across different scales

The metabolites concentration for each run and platform were taken off-line on a daily

basis during 7 days of bioreactor culture. Glucose, lactate, glutamine, and ammonia

were monitored throughout the experiment (Figure 5.8). All the metabolites showed a

consistent trend across the different stirred-tank bioreactors and across the three donors

tested. Furthermore, the metabolite profiles correlated well with the respective growth

curves, where increased cell concentration showed a higher amount of lactate and am-

monia in the medium and a concomitant lower concentration of glucose and glutamine.

Activated T-cells undergo a metabolic switch from a catabolic metabolism to an

anabolic one increasing the glucose uptake for faster proliferation (Windt et al., 2012).

The glucose concentration in the culture medium decreased rapidly during the culture
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and resulted completely depleted in the ambr® 15 and in the 1 L UniVessel® by day

2 (Figure 5.8a). The measured concentration of glucose in the ambr® 250 at day 2

was also very low, resulting in 0.75 ± 1.23 mmol l-1 and reached 0 mmol l-1 by day

3. This correlated with the decreased proliferation rate and increased doubling time in

the UniVessel® and it indicated that the slower growth could be attributed to the lack

of nutrients. In the ambr® 15 vessel the growth rate seemed less affected from the

lack of glucose between day 2 and 3 (Figure 5.6), although the doubling time showed

an increase on day 3 in both ambr® systems (Figure 5.7c). The spikes in the glucose

concentration on days 3, 4, and 5 indicate a medium addition or exchange, replenishing

the levels of metabolites in the medium. Once glucose run out on day 6, there were

no further medium addition nor exchanges, meaning that the cells did not have any

glucose in the last 24 hours of culture. This was reflected in a decreased proliferation

rate (Figure 5.6) and in higher doubling times on day 7 (Figure 5.7c). In literature,

T-cells showed a high consumption of glucose and complete depletion of the nutrient

even when the feeding strategy was switched to a semi-perfusion mode (A. Amini et al.,

2020). However, improvement of the feeding strategy or a switch to a medium with

higher glucose content (e.g., X-Vivo™ 10) should prevent glucose from becoming a

limiting factor in the culture and help to investigate whether the final cell number could

have been further improved.

The lactate concentrations across the three stirred-tank bioreactors displayed similar
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trends (Figure 5.8b), with peaks on day 3, 4, 5, and 6, the same days on which the

glucose in the medium resulted completely depleted. Lactate profiles showed a strong

correlation with the T-cell viable concentrations, as expected (Grist et al., 2018). The

highest level of lactate was reached in the 1 L UniVessel® on day 3 (20.82 ± 0.67 mmol

l-1). Once the glucose was completely depleted on day 6, the level of lactate in the

medium did not increase in any of the vessels. It is known that proliferating T-cells only

divert pyruvate into lactate when the energy requirements are met, therefore it was not

surprising that once the glucose has been completely depleted from the medium, the

level of lactate did not increase (Maciolek et al., 2014). The final lactate concentrations

in the medium were 17.32 ± 0.49 mmol l-1 in the ambr® 15, 17.48 ± 0.31 mmol l-1 in

the ambr® 250, and 19.04 ± 0.68 mmol l-1 in the 1 L UniVessel®. In all the cases the

final concentration of lactate in the medium was lower than the 20 mmol l-1 reported

by Fischer et al. (2007) and believed to have a major impact on T-cell proliferation

when cells were exposed to it for 24 hours. Grist et al. (2018) report lactate levels of

∼ 15 mmol l-1 in T-cells culture with no remarks to cell death. Therefore, it can be

hypothesised that lactate levels did not have a major impact on T-cell proliferation and

viability. The 20 mmol l-1 limit was reached only in the 1 L UniVessel® on day 3,

however the cells were exposed to it for less than 24 hours (Figure 5.8b).

Glutamine concentrations for the three expansion vessels (ambr® 15, ambr® 250,

and 1 L UniVessel®) are shown in Figure 5.8c. The level of glutamine rapidly decreased
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during the culture resulting in ∼ 0.5 on day 2 and run out in all the platforms by day

3. The glutamine was replenished with the medium additions on day 3, 4 and 5 and

completely consumed by the T-cells by day 6. There was no glutamine present in the

medium in the last day of culture. The lack of glutamine is known to have an inhibitory

impact on T-cell growth, explaining the lower growth rate of the T-cells on the last day

of culture (Maciolek et al., 2014).

The ammonia levels in the medium are shown in Figure 5.8d. This metabolite is

correlated with the consumption of glutamine and conversion of it into glutamate and α

-keto-glutamate (Hanga et al., 2017). The trend seen in ammonia levels was consistent

between the three scales of stirred-tank bioreactors used. The ammonia produced by

the T-cells was diluted with the addition of new medium on days 3, 4 and 5, reaching a

peak before the medium addition on day 3 and on the last day of culture (day 7). The

highest level of ammonia in the medium for the ambr® 15 was detected on day 7 (2.13

± 0.10 mmol l-1). For the ambr® 250 the peak in ammonia concentration was reached

on the last day of culture (1.95 ± 0.10 mmol l-1), while for the 1 L scale UniVessel® the

maximum concentration was detected on day 3 (2.13 ± 0.02 mmol l-1). No work has

been found in the literature on the effect of ammonia concentration in the medium which

inhibits T-cell growth. However, Schop et al., 2009 report that ammonia concentrations

below 3 mmol l-1 do not have an impact on the growth of mesenchymal stem cells.

Therefore, the slower proliferation on the last day of culture can be primarily attributed
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to the depletion of glucose and glutamine, rather than to the accumulation of ammonia

in the medium. The depletion of glucose and glutamine together with a high levels of

lactate and ammonia are not optimal for T-cell growth, however medium and feeding

optimisation were beyond the scope of this work.

Figure 5.8: Metabolite concentration profiles in the ambr® 15, ambr® 250 and 1 L UniVessel®.
The black arrows indicate a medium addition/exchange. Data show as mean ± SD, n = 3. (a)
Glucose concentration [mmol l-1]. (b) Lactate concentration [mmol l-1]. (c) Glutamine concen-
tration [mmol l-1]. (d) Ammonia concentration [mmol l-1].
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5.3.3.1 Specific metabolite production and consumption rates

Glucose consumption, lactate production and lactate yield from glucose were calculated

for each bioreactor from day 2-7 and on a daily basis (Figure 5.9).

The glucose consumption was significantly higher (P < 0.05) for the cells grown in

the ambr® 250 (1.17 ± 0.23 pmol cell-1 day-1) compared to the smaller scale ambr®

15 (0.68 ± 0.08 pmol cell-1 day-1) (Figure 5.9a). None of the bioreactors showed sig-

nificantly different values (P > 0.05) compared to the 1 L UniVessel® (0.95 ± 0.05

pmol cell-1 day-1). The glucose consumption measured on a daily basis showed a high

consumption (above 4 pmol cell-1 day-1) in the first two days of culture. The low con-

sumption rates seen on day 3 and 7 reflected the depletion of glucose in the medium.

On day 4 and day 5 the glucose consumption rate in the ambr® 15 was significantly

lower (P < 0.05) compared to the larger scale bioreactors. This reflected the fact that

the concentration of glucose in the ambr® 15 was lower compared to the ambr® 250 and

1 L UniVessel® (Figure 5.8a) and explained why the glucose consumption from day 2 to

day 7 in the ambr® 15 resulted lower. It also confirmed the hypothesis that the glucose

in the ambr® 15 was depleted earlier than in the larger vessels.

The lactate production rate resulted significantly lower (P < 0.05) in the ambr® 15

(1.32 ± 0.24 pmol cell-1 day-1) compared to the 1 L UniVessel® (2.13 ± 0.33 pmol

cell-1 day-1) (Figure 5.9b). The lower production of lactate in the ambr® 15 correlated

with the lower specific glucose consumption rate discussed previously. However, this
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was not the case for the 1 L stirred-tank bioreactor, where a higher lactate production

rate hinted to a more inefficient glucose consumption. When looking at the lactate

production rate on a daily basis (Figure 5.9d), it can be noted how the production rate

in the ambr® 15 was significantly lower (P < 0.05) compared to the 1 L UniVessel® on

days 4 and 5. These are the same days when the consumption of glucose was lower,

due to a lower concentration of glucose present in the medium, showing the correlation

between glucose consumption and lactate production. The lactate production rate on

day 7 showed negative results in the ambr® 15, implying that the lactate was being

consumed by the T-cells. However, the value was so close to 0 (-0.19 ± 0.02 pmol

cell-1 day-1), that this was probably due to measurement inaccuracy.

In order to asses the efficiency of the T-cells to metabolise glucose into energy, the

yield of lactate from glucose was calculated (Figure 5.9e,f). The oxidative phosphori-

lation (OXPHOS) metabolic pathway yields 30-38 ATP per mole of glucose consumed

and it is the most efficient way for energy production (Hanga et al., 2017). On the

other hand, aerobic glycolysis, also known as ‘The Warburg Effect’, produces only 2

molecules of ATP and yields 2 moles of lactate every mole of glucose consumed (War-

burg, 1956). Despite the aerobic glycolysis being less efficient, it provides important

metabolic intermediates for cell growth and proliferation (Buck et al., 2015). The cal-

culated yield of lactate from glucose for the ambr® 15 and 1 L UniVessel® were ∼ 2,

which suggested that the cells were consuming glucose via the less efficient anaerobic
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glycolisis pathway. In the ambr® 250 vessel the lactate yield from glucose was signif-

icantly lower (P < 0.05) compared to the 1 L UniVessel®, resulting in 1.4 ± 0.12 and

2.25 ± 0.33 respectively. The higher level of anaerobic glycolysis detected in the larger

vessel could be due to the higher number of T effector memory type, as they process

glucose preferentially through glycolysis (Bantug et al., 2018). It is known that acti-

vated and actively proliferating cells undergo metabolic reprogramming, and switch to

aerobic glycolisis (Maciolek et al., 2014; Buck et al., 2015).

The day by day lactate yield from glucose (Figure 5.9f) showed higher values on

day 3, in particular for the ambr® 250 vessel (4.58 ± 6.65), indicating an inefficient

way of glucose consumption. This could be due to the complete depletion of glucose in

the medium. Day 7 values were 0, due to the lack of glucose in the medium.
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Figure 5.9: Specific consumption/production rates calculated from day 2 to day 7 and on a
daily basis in the ambr® 15, ambr® 250 and 1 L UniVessel®. A one way ANOVA test was
performed. Statistical significance is shown when probability (P) values were equal or below
0.05 (*), 0.01(**), 0.001(***), or 0.0001 (****). Data shown as mean ± SD (n=3). (a) Glucose
consumption rate [pmol cell-1 day-1] day 2-7. (b) Glucose consumption rate [pmol cell-1 day-1]
on a daily basis. (c) Lactate production rate [pmol cell-1 day-1] day 2-7. (d) Lactate production
rate [pmol cell-1 day-1] on a daily basis. (e) Lactate yield from glucose day 2-7. The reference
line at 2 is the maximum theoretical yield of lactate from glucose. (f) Lactate yield from glucose
on a daily basis. The reference line at 2 is the maximum theoretical yield of lactate from glucose.
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The specific glutamine consumption and ammonia production rates are shown in

Figure 5.10. Glutamine is used by proliferating T-cells in conjunction with glucose as

an energy source (Carr et al., 2010). There was no significant difference (P > 0.05)

between the glutamine consumption rates calculated form day 2 to day 7 at the three

different scales (Figure 5.10a). The values were 0.22 ± 0.01 pmol cell-1 day-1, 0.29 ±

0.06 pmol cell-1 day-1, and 0.27 ± 0.06 pmol cell-1 day-1 for the ambr® 15, 250 and 1 L

UniVessel® respectively. The day by day glutamine consumption rate showed a higher

consumption during the first two days, when the glutamine concentration in the medium

was higher (Figure 5.8c). Lower glutamine consumption was seen on days 3-6, when

the metabolite was completely depleted in the medium. No glutamine consumption was

detected on day 7, due to the lack of glutamine in the medium in all the platforms.

The main source for ammonia build up is the amino acids metabolism, mainly glu-

tamine, in proliferating cells. High levels of ammonia (higher than 3 mmol l-1) in the

medium are believed to be inhibitory for mammalian cell growth (M. Schneider et al.,

1996). The ammonia production rate did not show significant difference (P > 0.05) be-

tween the three scales of stirred-tank bioreactors used in this study. The production rate

was 0.16 ± 0.023 pmol cell-1 day-1 in the ambr® 15, 0.20 ± 0.02 pmol cell-1 day-1 in the

ambr® 250, and 0.21 ± 0.01 pmol cell-1 day-1 in the 1 L UniVessel®. The day by day

analysis of the ammonia production showed a significantly lower (P < 0.05) production

rate in the ambr® 15 compared to the larger scale bioreactors. Similarly, on day 4, the
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ammonia production rate was significantly lower (P < 0.05) in the ambr® 15 compared

to the 1 L UniVessel®. There was ammonia production detected on day 7, suggesting

that the T-cells were still breaking down amino acids other than glutamine, which was

completely depleted, producing ammonia (M. Schneider et al., 1996).

Figure 5.10: Specific consumption/production rates calculated from day 2 to day 7 and on a
daily basis in the ambr® 15, ambr® 250 and 1 L UniVessel®. A one way ANOVA test was
performed. Statistical significance is shown when probability (P) values were equal or below
0.05 (*), 0.01(**), 0.001(***), or 0.0001 (****). Data shown as mean ± SD (n=3). (a) Glu-
tamine consumption rate [pmol cell-1 day-1] day 2-7. (b) Glutamine consumption rate [pmol
cell-1 day-1] on a daily basis. (c) Ammonia production rate [pmol cell-1 day-1] day 2-7. (d)
Ammonia production rate [pmol cell-1 day-1] on a daily basis.
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5.3.4 Cell quality across different scales

Cell quality is of primary importance in CAR-T therapies, therefore the immunophe-

notype of the T-cells was assessed at the beginning and after the expansion in the three

stirred-tank bioreactors (Figure 5.11 & 5.12). CD3 positive T-cells were first analysed

in terms of CD4 and CD8 expressing cells percentage. The CD8+ T-cell subpopulation

was then analysed in terms of naı̈ve, central memory, effector memory, and terminally

differentiated T-cells.

The percentage of CD4+ expressing T-cells at seeding was slightly higher (73 ± 5.63

%) to all the postharvest conditions (Figure 5.11a). One of the donors (HD9) used in

this experiment showed a low amount of CD4 positive cells after 7 days expansion in the

ambr® 15 (32.2 %) and ambr® 250 (24.3 %). However, this did not occur in the larger

1 L UniVessel® stirred-tank bioreactor, which could be linked to a higher tip speed in

this particular bioreactor. The CD8+ population of T-cells was higher for that specific

donor (HD9) in the ambr® 15 (60.5 %) and ambr® 250 (61.5 %) (Figure 5.11b). This

resulted in a low CD4:CD8 ratio for that particular donor (HD9) in the two smaller scale

stirred-tank bioreactors (Figure 5.11c). Donor to donor variability in the CD4:CD8 ratio

has been reported in literature before (A. Amini et al., 2020).
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Figure 5.11: Phenotypic characterisation of primary T-cells in terms of CD4 and CD8 postive
cells when seeded in the bioreactor (pre-expansion - black) and postharvest in the ambr® 15,
ambr® 250 and 1 L UniVessel®. A one way ANOVA test was performed and no statistical
significance (P > 0.05) was detected. Data shown as mean ± SD (n=3). Different donors are
represented with different shapes (HD9 - circle, HD12 - square, HD17 - triangle). (a) CD4+

subpopulation percentage of the cells. (b) CD8+ subpopulation percentage of the cells. (c)
CD4:CD8 ratio.

It can be noted how the CD4:CD8 ratio postharvest in the ambr® 15 and 250 results

closer to 1 compared to the pre-expansion one. However the CD4:CD8 ratio in the 1

L UniVessel® remains ∼3. It has been suggested, in literature, that a CD4:CD8 ratio
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closer to 1 is desirable in the final product (Turtle et al., 2016). Different parameters

may have an impact on T-cell growth and final product composition and it is therefore

hard to identify which one played a critical role in this experiment. However, the larger

scale bioreactor did not promote the lowering of the CD4:CD8 ratio, although to fully

understand the reason behind this further studies would need to be undertaken. This is

mainly due to the low percentage of CD8 positive T-cells, which did not increase during

the expansion step (Figure 5.11b). It can be noted that the 1 L UniVessel® showed

the highest consistency in the phenotype between the three donors (Figure 5.11). The

coefficient of variation in the 1 L UniVessel® was 6.27% for CD4, 1.53% for the CD8,

and 1.53% for the CD4:CD8 ratio.

The percentage of T central memory and T effector memory cells are shown in Fig-

ure 5.12. The naı̈ve and terminally differentiated T-cells were also analysed (data not

shown), and their percentage was lower than 5% for all the samples. Less differenti-

ated T-cells phenotypes, such as naı̈ve and central memory T-cells are desirable for a

higher in vivo persistence once reinfused into the patient (Sommermeyer et al., 2016).

Figure 5.12a shows the percentage of central memory T-cells. As discussed previously

in Chapter 3, the expanded cells showed a lower percentage of T central memory cells

when compared to the pre-expansion samples. This can be explained by a long expan-

sion protocol (14 days), the use of IL-2 in the medium, and a double activation using

Dynabeads® (Costariol et al., 2019; Crompton et al., 2014).
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In the pre-expansion sample 46.1 ± 10.55 % of the T-cells had a central memory

phenotype (CCR7+ CD45RO+). The percentage dropped to 34.33 ± 6.12 % in the

ambr® 15, 27.1 ± 10.23 % in the ambr® 250, and 18.47 ± 9.41 % in the 1 L UniVessel®.

The largest vessel resulted in the lower, although not significantly (P > 0.05), percentage

of T memory cells. Further studies with a higher number of donors would need to be

undertaken in order to understand whether the larger volume could have an impact on

the differentiation of T-cells.

Figure 5.12b shows the percentage of CD8+ T effector memory subpopulation.

There was no significant difference (P > 0.05) between the three vessels tested. The

percentages were 64.5 ± 6.19 % in the ambr® 15, 70.23 ± 9.58 % in the ambr® 250,

and 68.97 ± 10.08 % in the 1 L UniVessel®. It can be noted how the HD12 donor

(represented with a square) tended to have the lower number of effector memory across

the tested samples, however this trend was found to be inverted in the 1 L UniVessel®,

with the HD12 donor having the higher number of effector memory cells. As mentioned

above, the higher level of anaerobic glycolysis could be due to a higher percentage of T

effector memory cells in the 1 L UniVessel®. Furthermore, the higher impeller tip speed

and higher shear stress could have an impact on the T-cell differentiation. However, this

was not the case on day 7, but a day by day immunophenotypic characterisation would

have helped to understand this phenomena better.

The higher number of effector memory cells after the 7 days expansion in the stirred-
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tank bioreactors was to be expected. It is a challenge to keep T-cell in their less differ-

entiated phenotype, furthermore the prolonged expansion (14 days), activation and IL-2

supplement were not ideal to keep the cells in a less differentiate state.

Figure 5.12: Phenotypic characterisation of primary T-cells when seeded in the bioreactor (pre-
expansion - black) and postharvest in the ambr® 15, ambr® 250 and 1 L UniVessel®. A one way
ANOVA test was performed and no statistical significance (P > 0.05) was detected. Data shown
as mean ± SD (n=3). Different donors are represented with different shapes (HD9 - circle,
HD12 - square, HD17 - triangle). (a) CD8+ T central memory (CCR7+ CD45RO+) subpopu-
lation percentage of the cells. (b) CD8+ T effector memory (CCR7- CD45RO+) subpopulation
percentage of the cells.

5.4 The importance of scale-down models

This study highlighted the reproducibility in terms of T-cells growth between different

scales (15 ml, 250 ml and 1 L) in stirred-tank bioreactors. This allows for the process

development to be undertaken at smaller scales, which brings numerous advantages.

Firstly, the raw materials needed are significantly reduced when running processes at a
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few milliliters. The ambr® 15 stirred-tank bioreactor has a starting volume of 10 ml and

allows for 48 bioreactors to be run in parallel, which makes it an optimal candidate for

screening studies that would take several months at larger scales, reducing the time for

the products to reach to clinical trials. Secondly, the cost of goods would be reduced

due to the lower amount of starting material needed. This includes medium and medium

supplements which can be highly expensive, especially in GMP settings. Finally, this

system operates with an automatic liquid handler, reducing the operators interactions to

the minimum and providing the possibility to interlink the bioreactor with other tech-

nologies. This would help to automate the whole process and reduce the variability

introduced by human operators.

The ambr® 15 high-throughput bioreactor is one of the few small-scale bioreactors

equipped with pH and dO2 sensors and with an impeller. It also allows to control these

two parameters, along with temperature, independently for each of the 48 bioreactors.

Most of the other scale-down models are shaken chambers (i.e., micro-Matrix man-

ufactured by Applikon® Biotechnology), or do not allow for the screening of culture

parameters (i.e. shake flasks, static well plates) (Rameez et al., 2014). This makes the

comparability between different scales extremely hard and it is unlikely that a process

established in such small-scale vessels, can be easily translated to larger scales.

The ambr® 15 stirred-tank bioreactor has already been used for different mam-

malian cells (i.e., primary T-cells, CHO, and hMSCs), proving itself suitable for var-
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ious processes (Klarer et al., 2018; Alvin W Nienow et al., 2016; Q. A. Rafiq et al.,

2016a), however prior to this study no data on T-cells growth at different scales were

reported (Rameez et al., 2014). Studies where the ambr® 15 has been compared with

larger stirred-tank bioreactors (not manufactured from Sartorius Stedim Biotech) for the

growth of CHO cells to produce mAbs have been reported. They proved a good compa-

rability in terms of cell growth, titer and product quality, based on tip speed comparison,

with 2-7 L stirred-tank bioreactors (Hsu et al., 2012; Moses et al., 2012).

Similar results were obtained with primary T-cells in the work presented in this

chapter, where the comparability in terms of growth and product quality was good across

different scales. It is therefore possible to high-throughput screening at smaller scale

and scale-up the optimised process to a larger scale stirred-tank bioreactor, obtaining

reproducible results.

5.5 Stirred-tank bioreactors for allogeneic CAR-T ther-

apies

This chapter proves that human primary T-cells can be grown up to 1 L scale in stirred-

tank bioreactors. This becomes particularly relevant for allogeneic CAR-T therapies,

which are becoming increasingly popular (Depil et al., 2020). Allogeneic therapies

aim to reduce the cost of the manufacturing process, being able to produce multiple
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batches per run. Furthermore, having an available ‘off-the-shelf’ product will allow to

promptly administer the therapy to the patient, without having to wait for the extended

manufacturing time.

Although one autologous dose can be produced in the ambr® 250 stirred-tank biore-

actor, this bioreactor is not suitable for GMP use. The volume of the ambr® 250 is com-

parable to the CliniMACS Prodigy® system, which is currently used for CAR-T thera-

pies production in different clinical trials (Autolus Therapeutics plc, 2018). However,

the Prodigy® system does not allow for scale-up, but was only designed to scale-out

the process by running multiple systems in parallel, which is not ideal in an allogeneic

setting. For allogeneic purposes the number of bioreactors could be significantly de-

creased, while increasing the volume and batch numbers produced for each bioreactor,

resulting in a smaller footprint in the expensive clean room space.

In order to have a cost effective process for the development and manufacture of

allogeneic CAR-T therapies, scalable and robust expansion platforms are required. Al-

though it is not yet clear at which scale these therapies could be produced, using scal-

able stirred-tank bioreactors will allow for an easy increase in scale with reproducible

results, where needed as demonstrated in this results chapter. It is unlikely that the vol-

umes needed will reach the ones currently used in mAbs production (2000 L), due to

the nature of primary cells, which have a limited life-span and proliferation capability.

However, processes are likely to be run at 1-10 L scales. This is the range of volumes
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at which rocking-motion bioreactors are currently operated. However, rocking-motion

bioreactors require a large starting volume, for which a pre-expansion in static culture

flasks is necessary. Furthermore the process in the bags is not easy to scale-up (Eibl

et al., 2009; Hanson et al., 2009).

Primary T-cells have been grown to high densities in rocking motion bioreactors us-

ing a perfusion based feeding strategy to continuously supplement nutrients to the cells

and remove the waste products from the medium. The continuous perfusion feeding

strategy, combined with up to 500 U ml-1 IL-2, enabled to reach a cell density of 31 x

106 cells ml-1. The CAR-T cells showed in-vitro and in-vivo cytotoxicity against Raji-

19 cell line expressing CD19 (Hollyman et al., 2009). Another study reports T-cells

densities up to 107 cells ml-1 (Xiuyan Wang et al., 2016). However little comments

were made on the phenotypic profile of the T-cells. Growing T-cells to such a high den-

sity requires a constant supply of glucose, achieved throughout continuous perfusion,

furthermore the gas exchange needs to satisfy the cells oxygen demand. For this rea-

son, headspace aeration might not be sufficient at larger scales and high cell densities

(Hollyman et al., 2009). Furthermore, prolonged culture times, high IL-2 levels, and

insufficient nutrients in high density cultures, might have an impact on the CAR-T cell

potency and functionality. High cell densities in an allogeneic setting would allow for

more doses to be produced simultaneously. However, the immunophenotypic profile

and the potential exhaustion of the CAR-T cells due to the lack of nutrients, oxygen,
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and extended proliferation time need to be kept in consideration. It is known that less

differentiated T-cell subset (i.e. naı̈ve and central memory T-cells) persist longer in-vivo

after infusion (S. Rafiq et al., 2020).

An ideal expansion vessel would have a low starting volume and allow for all

the manufacturing steps to occur without user interaction needed. The CliniMACS

Prodigy® is the only fully closed system currently available on the market. However,

having an all-in-one system reduces the flexibility of the manufacturing process and

presents supply chain risks, relying on a single supplier for the whole process. There-

fore, different closed systems that can be interlinked, might be a good solution for an

increased flexibility and assurance of supply. Stirred-tank bioreactors are a good candi-

date for the expansion step and can easily be connected with other systems via sterile

tube welding. They also allow for a flexible feeding strategy that can go from batch to

perfusion mode, depending on the cell demand for nutrients. The monitoring of critical

culture parameters, such as pH, temperature, and dO2 is also important for a successful

CAR-T therapy production. The work presented in this thesis demonstrates the potential

of stirred-tank bioreactors in terms of T-cells expansion. The high comparability across

different scales using primary T-cells shows great hope for the manufacture and process

development of CAR-T therapies.
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5.6 Conclusions

The initial screening in the ambr® 15 confirmed the hypothesis formulated in the pre-

vious chapters suggesting that low speeds (300 rpm in the ambr® 15) and low specific

power inputs (28 x 10-4 W kg-1) do not allow for a good suspension of Dynabeads®.

This has a negative impact on T-cell proliferation due to a limited bead-to-cell inter-

action and activation. Amongst the screened conditions, the one cultured at 50% dO2

showed a good growth with a better postharvest phenotype compared to the 25% dO2

condition. This is why the 50% dO2 was kept across different bioreactors to scale-up

the expansion process.

The scale-up study between the ambr® 15, ambr® 250, and 1 L UniVessel® proved

high consistency between the systems in terms of T-cell growth. The metabolite data

was also highly reproducible across the tested scales (15 ml, 250 ml, and 1 L). How-

ever, nutrients depletion could be limiting the expansion of T-cells. The feeding strat-

egy would need to be further improved, or a different medium with a higher content

of glucose could be tested in further studies. There were no major differences in

terms of metabolite consumption/production rates across different scales, suggesting

that larger volumes and different geometries do not have a significant impact on the

T-cell metabolism.

The immunophenotype analysis did not show significant differences (P > 0.05) in

terms of final product composition. However, the 1 L UniVessel® displayed a more dif-
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ferentiated phenotype, although not significantly different (P > 0.05), at the end of the

culture. More replicates with different donors across the three platforms would provide

a better insight to whether the vessel has a significant impact on T-cell differentiation.

In conclusion, the ambr® 15 bioreactors was a good scale-down model and can be

used for high-throughput screening of different process parameters. The final cell yield

and growth kinetics were comparable across the different scales tested, proving that the

expansion process can be scaled-up to 1 L stirred-tank bioreactors based on the specific

power input.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The increased number of FDA approved CAR-T products and ongoing clinical trials

highlight the growing interest in the CGT field (Panagopoulou et al., 2019; Vormittag et

al., 2018). Despite the significant clinical results and the possibility to treat previously

incurable diseases, the manufacturing process for CAR-T cell therapies still needs im-

provement. Thus far the demand and doses produced have been limited, but with an

increasing amount of products reaching the market, the number of requested doses will

rapidly increase and the current manufacturing process is not designed to fulfil such

needs. Current products are mainly manufactured in static vessels or rocking motion

bioreactors, which have limited scaling-up capabilities (Vormittag et al., 2018). Static
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vessels hardly allow for online monitoring of the critical culture parameters (e.g. pH,

dO2), while other systems, such as the CliniMACS Prodigy® have been designed to

scale-out the process using multiple systems at once, rather than scaling-up the process,

which will be an essential requirement for allogeneic therapies (Depil et al., 2020).

The main purpose of this doctoral thesis was to demonstrate that the expansion of

primary CAR-T cells in stirred-tank bioreactors at different scales is possible. This

will allow for a robust and standardised manufacturing process and a faster and more

efficient development of CAR-T therapies towards commercialisation. Furthermore,

stirred-tank bioreactors could be interlinked with different systems, which would make

the whole manufacturing process automated, allowing for higher flexibility on the con-

sumables used.

In order to achieve the final goal, the work was broken down into different aims,

which were successfully addressed and culminated in an expansion process for CAR-

T therapies in stirred-tank bioreactors. Furthermore, it was proven that the process is

scalable and reproducible in a larger 1 L stirred-tank bioreactor.

Firstly, Jurkat E6.1 cell line was used to demonstrate T-cells can be grown in a stirred

environment. Once this was proven successful, the work focused on primary T-cells and

engineered CAR-T cells. Secondly, the growth of T-cells and CAR-T cells was com-

pared under static and dynamic conditions. Critical culture parameters, such as stirring

speed up to 500 rpm were investigated. Finally, the process was carried out at different

235



scales, from 15 ml to 1 L stirred-tank bioreactors, showing a high comparability across

the tested scales.

The work presented in this doctoral thesis proves not only that the stirring environ-

ment improves the growth of T-cells compared to static T-flasks, but also that at higher

stirring speeds (200 rpm) T-cell proliferation is improved. The hypothesis formulated

was that at lower speed (100 rpm) the Dynabeads®, para-magnetic beads used to acti-

vate T-cells, were not well suspended and did not interact in an effective manner with

the T-cells, leading to poor activation and proliferation. However, once the speed was

high enough to suspend the Dynabeads® (i.e. 200 rpm) a further increase in the stir-

ring speed did not lead to a better proliferation. On the other hand, it was important to

prove that CAR-T cells are not as sensitive to shear stress as generally believed, but they

can withstand high P/M without any consequences on their viability, proliferation and

potency.

The hypothesis of poor Dynabeads® suspension at lower speeds was also seen in the

high-throughput stirred-tank ambr® 15 bioreactor. At 300 rpm (corresponding to ∼ 100

rpm in the ambr® 250 in terms of P/M) the T-cells proliferation was lower compared to

the higher speed (450 rpm) and higher P/M. This suggests that for speeds that result in

a P/M equal to or lower than 74 x 10-4 W kg-1, the Dynabeads® are not well suspended

and the bead-to-cell interaction is not efficient, leading to poor proliferation.

Successfully transduced CAR-T cells were grown in an ambr® 250 bioreactor. At
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the end of the expansion process, not only the CAR-T cells reached a higher cell yield

compared to the static control, but they also retained their in vitro cytotoxic ability,

which was comparable to the one displayed by cells grown in static T-flasks. It can

be therefore stated that the shear stress does not have any adverse impact on the final

CAR-T product potency, although further studies in vivo would be needed to confirm

this statement.

Given the increasing importance of allogeneic CAR-T therapies, it was proven that

the process performed at 250 ml, could be reproduced at larger scale (1 L UniVessel®

stirred-tank bioreactor). At the same time, the importance to have a small-scale model

was taken into account and an ambr® 15 high-throughput stirred-tank bioreactor was

used for this scope. The scale-up study was performed based on the P/M and the se-

lected speeds were 450 rpm in the ambr® 15, 200 rpm in the ambr® 250 and in the 1

L UniVessel® stirred-tank bioreactors. The three scales tested (15 ml, 250 ml, and 1

L) gave comparable results in terms of cell yield, phenotype, and metabolite profiles,

proving that the process could be scaled-up for allogeneic CAR-T therapies and that

the ambr® 15 and 250 bioreactors can be used as a process development tool in order to

limit the raw materials needed and reduce the cost of goods at early development stages.

The feeding strategy was kept constant throughout the experiments, from Jurkat

E6.1 cell line, to primary T-cells to CAR-T cells in order to have a better comparability

and consistency across the performed experiments. However, it was not optimised, and
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as discussed, the nutrients were depleted throughout the culture. This could be a factor

limiting the cell expansion that needs to be taken in consideration for future studies.

Overall, this work demonstrates the suitability of stirred-tank bioreactors for the

manufacturing of CAR-T cell products. As previously discussed, stirred-tank bioreac-

tors have numerous advantages, such as online monitoring of different culture param-

eters, they improve the homogeneity of the culture environment and the mass trans-

fer, they come at different scales, and they have scale-down models which are cru-

cial for process development. Stirred-tank bioreactors are widely used in the bio-

pharmaceutical industry and particularly suitable for larger scale production, as in the

case of allogeneic CAR-T therapies.
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6.2 Future work

This doctoral thesis has demonstrated that CAR-T therapies can be efficiently expanded

in stirred-tank bioreactors and that the expansion process under dynamic conditions im-

proves the final cell yield compared to static culture conditions. Stirred-tank bioreactors

allow for online monitoring of culture parameters and the T-cell expansion process has

proven to be scalable from 15 ml to 1 L bioreactors. Despite the results and novelty of

the work presented in this doctoral thesis, different challenges still need to be addressed

as identified below.

• Further optimisation of in process parameters such as stirring speed, dO2, pH

would be needed in order to find the optimal expansion condition not only in terms

of cell yield, but also in terms of final product composition and potency.

• A perfusion based feeding strategy should be tested to see whether higher cell

numbers could be achieved in a shorter time. Different chemically defined medium

currently used in clinical trials and for the manufacture of approved CAR-T ther-

apies should be tested in order to eliminate the variability introduced by animal

products (e.g., FBS). In order to do that in an efficient manner, a design of exper-

iments (DoE) approach should be considered and experiments carried out in an

ambr® 15 bioreactor, allowing to run 48 stirred-tank bioreactors in parallel.

• Once the optimum medium and optimal process parameters are selected at a small
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scale, the process can be scaled-up to 250 ml and 1 L stirred tank bioreactors, as

demonstrated in this doctoral thesis (Chapter 5).

• The importance of suspending Dynabeads® and having them interact with the

cells has been widely discussed in this thesis. However, it would be interesting to

test different commercially available activation methods and how they behave

at different stirring speeds. Furthermore, an in depth analysis of the activation

markers would confirm the hypothesis formulated in this thesis, stating that lower

P/M do not suspend the magnetic beads, which leads to a poor cell-to-bead inter-

action and an inefficient activation.

• Further scale-up studies using engineered CAR-T cells should be performed in

order to confirm the reproducibility of the process at different scales. At the same

time the pre-expansion step should be avoided, as it leads to unwanted T-cell dif-

ferentiation. Starting with freshly isolated T-cells will give a better understanding

of the final product composition and which parameters might have an impact on

it. Once the process has been fully established, it would be ideally tested with

patient material. In order for the process to be successful it would need to comply

with the FDA guidelines on the release of CAR-T products, such as 70% viability.

• On the other hand, with the focus on allogeneic CAR-T therapies, further studies

at larger scale (> 5 L) should be performed. There might be an oxygen limitation

using headspace aeration in larger stirred-tank bioreactors, therefore the impact of
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sparging on CAR-T cell expansion should be investigated.

• In addition, non-viral gene editing could be tested and integrated in the expan-

sion process, using an electroporation machine that would ideally have the possi-

bility to interlink with stirred-tank bioreactors making it possible to have a closed

process.

• Although the potency of CAR-T cells has been assessed via in vitro cytotoxicity

assay, these results need to be confirmed in vivo on animal models. Due to the

complexity and ethical concerns of this work, only CAR-T cells grown in care-

fully selected and optimised conditions should be tested in vivo.

241



References

Abraham, Robert T and Arthur Weiss (2004). “Jurkat T cells and development of the

T-cell receptor signalling paradigm”. In: Nature Reviews Immunology 4.4, pp. 301–

308.

Abramson, Jeremy S, Leo I Gordon, Maria Lia Palomba, Matthew Alexander Lunning,

Jon E Arnason, Andres Forero-Torres, Michael Wang, David G Maloney, Alison

Sehgal, Charalambos Andreadis, et al. (2018). Updated safety and long term clini-

cal outcomes in TRANSCEND NHL 001, pivotal trial of lisocabtagene maraleucel

(JCAR017) in R/R aggressive NHL.

Aleksandrova, Krasimira, Jana Leise, Christoph Priesner, Anette Melk, Fanni Kubaink,

Hinrich Abken, Andreas Hombach, Murat Aktas, Mike Essl, Iris Bürger, et al. (2019).

“Functionality and cell senescence of CD4/CD8-selected CD20 CAR T Cells man-

ufactured using the automated CliniMACS Prodigy® Platform”. In: Transfusion

Medicine and Hemotherapy 46.1, pp. 47–54.

242



Almeida, Luis, Matthias Lochner, Luciana Berod, and Tim Sparwasser (2016). “Metabolic

pathways in T cell activation and lineage differentiation”. In: Seminars in immunol-

ogy. Vol. 28. 5. Elsevier, pp. 514–524.

Amini, Arman, Vincent Wiegmann, Hamza Patel, Farlan Veraitch, and Frank Baganz

(2020). “Bioprocess considerations for T cell therapy: Investigating the impact of

agitation, dissolved oxygen and pH on T cell expansion and differentiation”. In:

Biotechnology and bioengineering.

Anwer, Faiz, Al-Aman Shaukat, Umar Zahid, Muhammad Husnain, Ali McBride, Daniel

Persky, Melissa Lim, Nida Hasan, and Irbaz Bin Riaz (2017). “Donor origin CAR

T cells: graft versus malignancy effect without GVHD, a systematic review”. In:

Immunotherapy 9.2, pp. 123–130.

Appay, Victor, Rene AW van Lier, Federica Sallusto, and Mario Roederer (2008). “Phe-

notype and function of human T lymphocyte subsets: consensus and issues”. In:

Cytometry Part A 73.11, pp. 975–983.

Autolus Therapeutics plc (2018). “Autolus and Miltenyi Biotec sign strategic supply

agreement”. In: [Online; https://autolus.gcs-web.com/node/6141/pdf; accessed 6-

March-2020].

Bagley, Stephen J and Donald M O’Rourke (2020). “Clinical investigation of CAR T

cells for solid tumors: lessons learned and future directions”. In: Pharmacology &

Therapeutics 205, p. 107419.

243



Bajgain, Pradip, Roopa Mucharla, Usanarat Anurathapan, Natalia Lapteva, Ann M Leen,

Helen E Heslop, Cliona M Rooney, and Juan F Vera (2012). Optimizing the Manu-

facture of CAR-T Cells for Clinical Applications.

Bajgain, Pradip, Roopa Mucharla, John Wilson, Dan Welch, Usanarat Anurathapan,

Bitao Liang, Xiaohua Lu, Kyle Ripple, John M Centanni, Christine Hall, et al.

(2014). “Optimizing the production of suspension cells using the G-Rex “M” se-

ries”. In: Molecular Therapy-Methods & Clinical Development 1, p. 14015.

Bantug, Glenn R, Lorenzo Galluzzi, Guido Kroemer, and Christoph Hess (2018). “The

spectrum of T cell metabolism in health and disease”. In: Nature Reviews Immunol-

ogy 18.1, p. 19.

Barba, Vassia (2019). “CAR-Ts that grow on trees: Automating cell therapy manufactur-

ing”. In: BioPharma-Reporter.com. [Online; https://www.biopharma-reporter.com/Article/2019/06/11/Lonza-

s-Cocoon-manufacturing-platform-at-BIO; accessed 10-May-2020].

Berger, Carolina, Michael C Jensen, Peter M Lansdorp, Mike Gough, Carole Elliott,

and Stanley R Riddell (2008). “Adoptive transfer of effector CD8+ T cells derived

from central memory cells establishes persistent T cell memory in primates”. In: The

Journal of clinical investigation 118.1, pp. 294–305.

Blaeschke, Franziska, Dana Stenger, Theresa Kaeuferle, Semjon Willier, Ramin Lotfi,

Andrew Didier Kaiser, Mario Assenmacher, Michaela Döring, Judith Feucht, and
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